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Pathological mutations in tRNA genes and tRNA processing enzymes are numerous and 
result in very complicated clinical phenotypes. Mitochondrial tRNA (mt-tRNA) genes are 
"hotspots" for pathological mutations and over 200 mt-tRNA mutations have been linked 
to various disease states. Often these mutations prevent tRNA aminoacylation. Disrupting 
this primary function affects protein synthesis and the expression, folding, and function 
of oxidative phosphorylation enzymes. Mitochondrial tRNA mutations manifest in a wide 
panoply of diseases related to cellular energetics, including COX deficiency (cytochrome C 
oxidase), mitochondrial myopathy, MERRF (Myoclonic Epilepsy with Ragged Red Fibers), 
and MELAS (mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes). 
Diseases caused by mt-tRNA mutations can also affect very specific tissue types, as in the 
case of neurosensory non-syndromic hearing loss and pigmentary retinopathy, diabetes 
mellitus, and hypertrophic cardiomyopathy. Importantly, mitochondrial heteroplasmy plays 
a role in disease severity and age of onset as well. Not surprisingly, mutations in enzymes 
that modify cytoplasmic and mitochondrial tRNAs are also linked to a diverse range of 
clinical phenotypes. In addition to compromised aminoacylation of the tRNAs, mutated 
modifying enzymes can also impact tRNA expression and abundance, tRNA modifications, 
tRNA folding, and even tRNA maturation (e.g., splicing). Some of these pathological 
mutations in tRNAs and processing enzymes are likely to affect non-canonical tRNA 
functions, and contribute to the diseases without significantly impacting on translation. 
This chapter will review recent literature on the relation of mitochondrial and cytoplasmic 
tRNA, and enzymes that process tRNAs, to human disease. We explore the mechanisms 
involved in the clinical presentation of these various diseases with an emphasis on 
neurological disease. 
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INTRODUCTION 

Although the role of tRNA in translation has been known since 
the late 1950's, the first report linking a mutation in tRNA 
to a human disease was published in 1990, when MELAS was 
associated with a mutation in the mitochondrial tRNA'^'^" gene 
[mitochondrial tRNA Leu (L)] (MTTLl) (Kobayashi et al, 1990). 
This report was followed by the demonstration that tRNA^'''* is 
associated with MERRF (Shoffner et al., 1990). Since then, mul- 
tiple mutations in individual tRNA genes have been associated 
with multiple diseases, and individual diseases have been found 
to be caused by mutations in one of several tRNAs. Not unex- 
pectedly, the penetrance and severity of disease caused by tRNA 
mutations has been demonstrated to be unpredictable (Phizicky 
and Hopper, 2010; Hurto, 201 1; Suzuki et al, 2011; TuUer, 2012). 
The primary role of tRNA is to deliver amino acids to the nascent 
polypeptide chain during protein translation, a seemingly irre- 
placeable function. Disease-causing mutations in tRNA, to date, 
have been found only in mitochondrial tRNA, indicating that 
the etiology of tRNA-linked diseases are tightly associated with 
mitochondrial biology. How can different point mutations in the 
same molecule lead to very different diseases? Do tRNAs play 
additional roles in mitochondria or in the cell apart from trans- 
lation, for example in organelle localization or replication, cell 



death, membrane environment, or DNA replication (Dimauro 
et al., 2013)? About 1700 mitochondrial proteins are coded in the 
nuclear genome, and it is unknown how mutated mt-tRNA might 
interact with these. 

Many macromolecules interact with tRNA in the cytosol as 
well. The association of mutations in tRNA binding or processing 
enzymes with disease is even more recent: tRNA splicing endonu- 
clease mutations were found to cause pontocerebellar hypoplasia 
as recently as 2008 (Budde et al., 2008). Mutations in the canoni- 
cal tRNA partner, aminoacyl tRNA-synthetases (ARSs), were first 
identified as causative agents of Charcot-Marie-Tooth in 2003 
(Antonellis et al, 2003). The subject of ARSs and diseases has 
also received attention, with a number of useful recent reviews 
addressing various issues (Kim et al., 2011; Guo and Schimmel, 
2013; fia et al, 2013; Konovalova and Tyynismaa, 2013; Schwenzer 
et al., 2013; Diodato et al., 2014). A major question yet to be 
addressed is the localization of translation in neural cells, and how 
tRNA maybe trafficked to ribosomes in distant regions (e.g., long 
axons and synapses in neurons) of the cell. 

In this review, we survey the known and emerging connec- 
tions between tRNA and human diseases, and the role of its key 
cellular partners in pathophysiology. We begin in the mitochon- 
dria, as only mitochondrial tRNA mutations have been found, 
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and briefly review how mitochondrial biology contributes to the 
effects of tRNA mutations. Several tissue-specific diseases are 
reviewed, followed by a discussion of potential therapeutics. Next, 
we move into the cytoplasm to investigate tRNA interactions with 
other molecules — specifically modifiers and splicing endonucle- 
ases, followed by the role tRNA binding plays in regulating protein 
synthesis. Finally we review the canonical role of tRNA interac- 
tions with aminoacyl synthetases, with an emphasis on recent 
disease discoveries. 

MITOCHONDRIAL tRNA MUTATIONS AND DISEASE 
MITOCHONDRIAL FUNCTIONAL BIOLOGY AND GENOMICS 

Mitochondria perform the essential function of synthesizing ATP 
in eukaryotic cells, and this cellular energy resource powers the 
biosynthesis of key metabolites, mechanochemical and transport 
functions, and a vast array of other activities. In addition to these 
functional roles, the mitochondria also generate and regulate 
the production of reactive oxygen species, as well as activate 
important cellular pathways such as apoptosis. The 16.59 kb 
double stranded circular mitochondrial genome is located within 
the inner mitochondrial membrane, and encodes for a total of 
37 genes. Thirteen of these encode for open reading frames that 
comprise most of the subunits of the respiratory chain complexes 
I (seven subunits), III (one subunit), IV (three subunits), and V 
(two subunits). The remaining subunits of the respiratory chain 
complex are encoded by genes located in the nuclear genome. 
Two mitochondrial genes encode for ribosomal RNAs (rRNAs) 
16S and 12S and the remaining 22 genes encode for the set 
of mitochondrial transfer RNAs (mt-tRNA). All of the RNA 
molecules necessary for mitochondrial translation are provided 
for by the mitochondrial genome. However, many proteins 



necessary to perform protein synthesis, including mitochondrial 
aminoacyl tRNA synthetases (mt-ARS), ribosomal proteins, and 
tRNA processing enzymes are encoded in the nuclear genome. 
These are synthesized in the cytoplasm and subsequently 
imported into the mitochondria. 

MITOCHONDRIAL tRNA MUTATIONS AND DISEASE 

It is well established that many different mt-tRNA mutations can 
cause a wide range of human diseases. High-energy consuming 
tissues such as muscular and nervous systems are particularly 
affected by mitochondrial defects. Unlike chromosomal DNA 
localized to the nucleus and subject to Mendelian inheritance, 
mitochondrial DNA is inherited solely from the mother and 
thousands of identical copies can exist per cell. Cells that carry 
a homogeneous population of the mitochondrial genome, wild 
type or mutated, are referred to as homoplasmic. A condition in 
which more than one type of mitochondrial genome exists, either 
in a cell, tissue or in an individual, is referred to as heteroplasmy. 
Should a mutation spontaneously arise or be maternally inher- 
ited, mitochondria carrying the pathogenic mutated mtDNA can 
accumulate over the course of organismal development. When 
the mutational load of a certain tissue type reaches a particu- 
lar threshold, disease symptoms can become evident. Depending 
on the mutation and the tissue, this threshold can vary from 
50 to 90%. Mitochondrial diseases and their respective tRNA 
mutations have been extensively cataloged, and the information 
is available in a variety of useful databases (Putz et al., 2007; 
Ruiz-Pesini et al., 2007). Past and recent examples of mt-tRNA 
disease-causing mutations demonstrate that these tRNA genes 
can affect mitochondrial protein synthesis, aminoacylation activ- 
ity, and three-dimensional structure and folding of the tRNA in 



Table 1 | Mitochondrial tRNA mutations and disease. 



Mt-tRNA gene 


Mutation 


Disease 


Structural location 


Aberrant tRNA biology 


OMIM# 


References 


MTTL1 


A3243G 


ME LAS 


anti-codon 


defect in taurine modification 


540000 


Latkany etal., 1999 








(wobble position WP) 








MTTK 


A8344G 


MERRF 


anti-codon (WP) 


defect in taurine modification 


545000 


Shoffner et al., 1990 


MTTI 


C4277T 


CMH1 


DUH stem 


reduced expression in cardiac 


192600 


Taylor et al., 2003 










tissue 








A4300G 




Anticodon stem 






Peril etaL, 2012 




G4308A 


CPEO 


T*C stem 


misfolding leads to improper 3' 


590045 


Schalleretal., 2011; 










end processing 




Souilem etal., 2011 




A4302G 




Variable loop 


disrupt conserved base pairing 




Berardoetal., 2010 


MTTH 


G12192 


CM 


T*C stem 


disrupt conserved base pairing 


590040 


Shin etal., 2000 




G12183A 


NSHL 
RP 


T*C stem 


disrupt conserved base pairing 


500008 


Crimi etal., 2003 




T12201C 


NSHL 


Acceptor stem 


reduced expression of 




Yan etal., 2011 










functional tRNA 








A12146G 


ME LAS 


DHU stem 


misfolding 


540000 


Calvaruso et aL, 2011 




G12147A 


ME LAS 


DHU stem 


misfolding and low abundance 


540000 


Melone etal., 2004 






MERRF 






545000 




MTTE 


G14685A 


CSRA 


T*C stem 


disrupt conserved base pairing 


590025 


Lax et al., 2013 



Disease abbreviations: l\/IELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; MERHE myoclonic epilepsy with ragged red fibers; 
CIVIHl, cardiomyopathy familial hypertrophic; CPEO, Chronic progressive external ophthalmoplegia; CM, cardiomyopathy; NSIHL, non-sensory hearing loss; 
Retinitis pigmentosa; C,Sf^A, cataracts, spastic paraparesis, and ataxia. 



Frontiers in Genetics | Non-Coding RNA 



June 2014 | Volume 5 | Article 158 | 2 



Abbott et al. 



tRNA and human disease 



the mitochondria (Table 1). Mitochondrial tRNA structures can 
differ significantly from cytosolic tRNA (Florentz et al., 2003) 
and many require specific complex modifications in order to 
fold correctly. Here we will review some well-characterized and 
recently reported mt-tRNA mutations, particularly as they relate 
to neurobiology and specific human disease phenotypes. 

MELAS ANDMERRF 

The two classic well-characterized diseases associated with mt- 
tRNA mutations are mitochondrial encephalomyopathy, lac- 
tic acidosis, and stroke-like episodes (MELAS) and myoclonic 
epilepsy with ragged red fibers (MERRF). These are linked to 
mutations in mt-tRNA^''^" and mt-tRNA^'"' respectively (Suzuki 
et al, 2011). Patients with MELAS present with seizures, recur- 
rent headaches and vomiting, anorexia, exercise intolerance, and 
proximal limb weakness; these are often seen early in child- 
hood. Recurring stroke-like episodes can progressively impair 
motor abilities, vision, hearing, and mentation. MELAS is pri- 
marily caused by defects in respiratory chain complexes I and IV, 
which lead to impaired oxidative phosphorylation. The A3243G 
mutation, which encodes a mutation in the mt-tRNA'^™ wobble 
position, is common among some 80% of MELAS patients (Goto 
et al, 1990; Kobayashi et al, 1990). This mt-tRNA^™ A3243G 
mutation was initially confirmed in 5 patients with MELAS syn- 
drome (Kirino et al., 2005). Interestingly, the A8344G mutation 
associated with MERRF is also located in a wobble base position, 
in this case in mt-tRNA^''^ 

The effects of the mt-tRNA^™ A3243G and mt-tRNAL>"* 
A8344G mutations were initially studied in cybrid cell lines 
(Kirino et al, 2004) followed by further characterization using 
mass spectrometry. Cybrid cells are created by fusion of cells that 
are free of mitochondria (rho 0 cells) with donor platelets, or 
by fusion of enucleated patient derived fibroblasts with osteosar- 
coma cells that lack mtDNA. These cells thus possess mtDNA 
from patients or controls in a control nuclear background. 
Mutations linked to MELAS were subsequently shown to affect 
the xm^U modification for mt-tRNA"^*^" and the tm^s^U modi- 
fication for mt-tRNA'^'"' at the wobble position in the anticodon 
region (Yasukawa et al., 2000). These wobble position modifica- 
tions are both essential for proper decoding by the mitochondrial 
ribosome (Kirino et al., 2004). Additional details concerning the 
biochemical affects of these taurine defective mutations have been 
recently reviewed (Suzuki et al., 2011). 

Other mt-tRNA mutations associated with MELAS and 
MERRF phenotypes have been isolated in the gene encoding 
mt-tRNA^"* (Figure 1). In the first reports, the mutation was 
found to be a heteroplasmic G12147A substitution (Melone et al., 
2004; Taylor et al, 2004), and analysis of muscle biopsy samples 
revealed deficiency in cytochrome c oxidase (COX). The G12147A 
mutation in the D-arm of the mt-tRNA^"* molecule would be 
expected to alter tRNA folding and abundance, leading to a spe- 
cific decrease in the his-rich COXIII polypeptide, as well as a 
general decrease in mitochondrial protein synthesis. Additionally, 
a homoplasmic A12146G mutation was identified in another 
MELAS patient (Calvaruso et al., 201 1). As in the previous exam- 
ple, an analysis of cybrid cells and patient muscle biopsy samples 
showed that deficiencies in various respiratory chain complexes 
enzymes were linked to the mt-tRNA^"' mutation. 



MITOCHONDRIAL BIOLOGY AND TISSUE SPECIFICITY OF DISEASE 

Diseases related to mitochondrial tRNA mutations can manifest 
in very specific tissue types, leading to complex phenotypes. For 
example, the heart is heavily reliant on mitochondrial ATP pro- 
duction for proper and synchronized muscle contraction, and is 
thus particularly sensitive to mt-tRNA mutations. Animal mod- 
els for heart failure and ischemia/reperfusion frequently display 
morphological changes to mitochondria that would be expected 
to exert negative impacts on the function of adult cardiac cells 
(Piquereau et al., 2013). One such tRNA-linked cardiomyopa- 
thy is the homoplasmic G12192A mt-tRNA^"' mutation localized 
to the loop of the T*C arm, which was initially identified in 
five patients (Figure 1) (Shin et al, 2000). Electron microscopy 
imaging carried out on patient cardiomyocytes showed a loss of 
sarcomere formation and an accumulation of mitochondria with 
aberrant morphology. 

Mutations associated with hypertrophic cardiomyopathy have 
also been found in mt-tRNA"'= (Figure 1) (Taylor et al, 2003; 
HoUingsworth et al., 2012). For patients carrying these A4300G 
and C4277T mt-tRNA''*^ mutations, the only symptom was 
hypertrophic cardiomyopathy. However, detailed immunohisto- 
chemistry and biochemical studies on the hearts of patients after 
transplant surgery indicated a large proportion of COX-deficient 
cardiomyocytes and defects in activity for respiratory chain com- 
plexes I, III, and IV (Giordano et al., 2013). Also, there appeared 
to be reduced expression of mt-tRNA^''^ in both left and right 
ventricle samples from two patients compared with control mt- 
tRNA'^'^". This suggests that the phenotype may arise from an 
increasing number of COX-deficient cardiomyocytes; however, 
the numbers of COX-deficient cells in cardiac muscle have been 
shown to increase with age. 

In addition to the classic MELAS and MERRF cases, muta- 
tions in other mt-tRNAs are also linked to sensorineural defects. 
A number of reports suggest that inner ear hair cells and their 
connecting neuronal circuitry may be specifically affected by 
mt-tRNA mutations. In one report, a late onset hearing impair- 
ment in a Chinese family was linked to a T12201C mutation 
in the acceptor arm of mt-tRNA^"*, with the severity of hear- 
ing impairment being linked to the degree of heteroplasmy 
(Figure 1) (Yan et al, 2011). For this mutation, cellular and bio- 
chemical analysis point to reduction in the levels of mt-tRNA^"* 
as being the source of reduced mitochondrial translation and 
subsequent respiratory chain defects. Two related patients car- 
rying a mt-tRNA^'^ inherited heteroplasmic G12183A mutation 
both developed sensorineural pathology, presenting with visual 
impairment around the average age of 9 (Crimi et al., 2003). 
This mt-tRNA^"* mutation alters a highly conserved base pair 
in the T*C arm and would most likely disrupt secondary struc- 
ture. The older sibling had pigmentary retinopathy, neurosensory 
deafness, and some muscle atrophy and ataxia, while the younger 
sibling only experienced both visual and inner ear neurosensory 
deficits. Interestingly, histochemical analysis of muscle biopsy tis- 
sues for (COX/SDH) activity did not convincingly demonstrate a 
complete COX deficiency. 

Like the auditory system, the visual system is similarly sensi- 
tive to mutations in mt-tRNA. For example, carriers of G12183A 
mutation in mt-tRNA'^'* often present with a pigmentary 
retinopathy that leads to photoreceptor degeneration, pigmentary 
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FIGURE 1 I structural analysis of mitochondrial tRNA and disease 
causing mutations. Cloverleaf structure of mt-tRNA^'^ and mt-tRNA" 
Mutations discussed in this review that cause neurosensory disease 
(blue), cardiomyopathy (red), MEI_AS and IVIERRF (green), and other 
pathological reported mutations not discussed in this review (gray). 



The 3D mt-tRNA^^'^ and mt-tRNA"" models were generated using 
ModeRNA (Rother et al., 2011) of human mt-tRNA sequence (Sprinzl 
and Vassilenko, 2005) alignments. Sequences were fit to structural 
tRNA templates PDB: IQTQ for mt-tRNAH'= model and PDB: IQUZ 
for mt-tRNA"". 



deposits in the retina, and ultimately progressive loss of vision. 
Specific muscles responsible for ocular movement are another 
target in the visual system susceptible to mt-tRNA mutations. 
Chronic progressive external ophthalmoplegia (CPEO) is a neu- 
romuscular disorder characterized by the loss of extraocular 
muscle mobility, which results in the inability to move the eyes. 

In one case report, CPEO was found to be linked to a G4308A 
mutation in the T-stem of mt-tRNA'^'^; this substitution disrupts a 
conserved GC base pair (Figure 1) (Schaller et al., 2011; Souilem 
et al., 20 11 ) . While there was no evidence of maternal inheritance, 
patient blood samples were homoplasmic for the wild type mt- 
tRNA^''^, and muscle tissue obtained by biopsy was heteroplasmic. 
Analysis of the latter tissue indicated a link between the mutation 
and respiratory chain defects, leading to abnormal mitochondrial 
morphology. The G4308A substitution leads to a misfolded con- 
formation that is likely to be incompatible with 3' end processing 
by tRNase Z. A G4302A mt-tRNA^''^ mutation located in the 



variable arm was also found in a small number of CPEO patients 
(Berardo et al., 2010). Despite a predicted disruption of a con- 
served base pair in mt-tRNA"*^, a muscle biopsy showed normal 
function of all of the respiratory chain complex proteins (Berardo 
et al., 2010). Of 22 pathogenic mutations observed in mt-tRNA"*^, 
nine cause CPEO, suggesting that mt-tRNA^'*^ is a "hot-spot" for 
CPEO. Most reported CPEO cases involving MTTI mutations are 
heteroplasmic and restricted to skeletal muscle. MTTI mutations 
exist that are primarily homoplasmic and can be found in various 
tissue types. The molecular rationale for the tight linkage between 
mt-tRNA^''^ and CPEO provides a fascinating research question 
for future study. 

In some systems, a tRNA-linked disorder that is primarily 
a sensory defect may exert negative effects on additional brain 
and motor neuron functions. One recent study reported that 
the pathogenic G14685A mutation in mt-tRNA^'" affects both 
visual and hearing systems (Lax et al., 2013). In this case, the 7 
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year old affected subject suffered from cataracts, peripheral reti- 
nal degeneration, and pigmentary retinopathy. This was followed 
by bilateral sensorineural hearing impairment as an adolescent. 
By the age of 40, the patient developed symptoms of spastic 
paraparesis, ataxia, slurred speech, and incontinence. Subsequent 
immunohistochemical (IHC) and biochemical analysis of mus- 
cle and brain tissues collected post mortem indicated respira- 
tory chain complex I deficiencies. Additional evidence suggested 
that this heteroplasmic mutation arose sporadically, with brain 
regions exhibiting the highest degree of heteroplasmy. The muta- 
tion is located in the T*C arm and substitutes a conserved 
G-C Watson-Crick base pair; detailed functional studies have yet 
to be conducted. To date there are 12 mutations in the MTTE 
gene encoding mt-tRNA*^'" that cause mitochondrial patholo- 
gies with very different phenotypes, such as encephalomyopathy, 
retinopathy, MELAS, and Leber's hereditary optic neuropathy 
(LHON). 

MITOCHONDRIA IN NEUROBIOLOGY AND ADDITIONAL 
CONSIDERATIONS FOR MITOCHONDRIAL DISEASE PHENOTYPES 

While most cells are roughly spherical structures with diame- 
ters in the range of micrometers to tens of micrometers, neurons 
possess irregular structures with long dendrites and axons that 
extend out from the soma at distances from millimeters to a 
meter. The synapse has the highest energy consumption of the 
neuron, and mitochondria are responsible for meeting this major 
energy demand. Among the important ATP dependent processes 
occurring at the synapse are vesicle exocytosis and endocyto- 
sis, maintenance of membrane potential by ion channels, and 
actin rearrangements of the cytoskeleton. Accordingly, synap- 
tic mitochondria may be docked or anchored in these special- 
ized compartments in order to execute these essential functions 
(Court and Coleman, 2012; Sheng and Cai, 2012). Owing to 
their ability to be transported along filamentous structures in the 
cell, mitochondria are motile and can be readily localized at the 
synapses and other high demand areas. Additionally, mitochon- 
dria are dynamic and can undergo major structural changes such 
as fusion, fission, and fragmentation. 

Neuronal synapses are rich in mitochondria, both at the presy- 
naptic and postsynaptic nerve terminals, and recent work suggests 
that there may be differences between synaptic vs non-synaptic 
mitochondria (Gillingwater and Wishart, 2013). In one model, 
specialized synaptic mitochondria maybe synthesized at the soma 
and then trafficked to the synapse, where they adapt to the specific 
demands of this specialized environment. Alternatively, synapse 
specific mitochondria may be generated, selected for, and then 
trafficked to the synapse. Other considerations are that the mito- 
chondria at the synapse are "older" and therefore not as efficient 
or that synaptic mitochondria may be synthesized in axons and 
would be closer to their destination at the axonal synapse (Amiri 
and HoUenbeck, 2008; Yarana et al., 2012). 

These issues bear on the investigation of the above described 
neurobiological phenotypes, where defects arising from mt- 
tRNA mutation or mt-ARS mutations cause losses of mito- 
chondrial function that are concentrated at the synapse (Baloh, 
2008). While past work underscores how the altered struc- 
ture, expression, or lack of tRNA modifications resulting from 



mt-tRNA mutations may disrupt protein translation (Florentz 
et al., 2003), the apparent tissue specific phenotype of many of 
these pathophysiological mutations remains to be elucidated. For 
diseases that affect basic neurobiologial functions, mtDNA tRNA 
mutations may affect processes beyond mitochondrial transla- 
tion, including the mitochondrial inner membrane (MIM) lipid 
environment, dynamics, maintenance, and replication machinery 
(Dimauro et al, 2013). Mutations in mitofusin, a protein respon- 
sible for mitochondrial fusion and fission, cause the periph- 
eral neuropathy disease Charcot-Marie-Tooth (CMT) type 2A 
(Zuchner et al., 2004; Kijima et al., 2005). In a zebrafish model, 
the loss-of-function mutation demonstrated that indeed trans- 
port of mitochondria along the axon is disrupted and may be the 
contributing factor in the CMT2A phenotype (Chapman et al., 
2013). The issue of how mitochondrial movement may be reg- 
ulated, and the role of the other essential factors in that process 
is discussed in detail elsewhere (Schwarz, 2013). Clearly, how 
specific mt-tRNA mutations affect biological functions of mito- 
chondria is only beginning to be understood, and will remain a 
fertile area of research for the foreseeable future. 

FUTURE MITOCHONDRIAL RESEARCH STRATEGIES AND POTENTIAL 
THERAPEUTIC APPROACHES 

Therapeutic progress toward cures for mitochondrial diseases has 
been slowed by the complex genetics associated with mitochon- 
drial inheritance. For example, a mother with a low degree of 
heteroplasmy in her mtDNA can transmit a higher level of hetero- 
plasmy to her children, a process referred to as a "mitochondrial 
bottleneck." Current efforts to better understand mitochondrial 
inheritance and the pathophysiology of mt-tRNA mutations are 
benefitting from both traditional systems like cybrid cells, and 
from induced pluripotent stem cell (iPScs) technology. iPScs 
can be challenging to develop if only specific tissues of affected 
patients carry the mt-tRNA mutation. Mito-mouse models have 
been generated to recapitulate pathogenic mitochondrial DNA 
mutations (Inoue et al., 2000). Recently this group of investigators 
generated a MERRF mito-mouse model incorporating the mt- 
tRNA^y* G7731A mutation (Shimizu et al, 2014), arguably the 
first of many such models. The animals generated carried vary- 
ing levels of the mt-tRNA^'''* G7731A mutation, and these levels 
correlated with the severity of the disease phenotype. Selection 
of oocytes that carried low amounts of the mt-tRNA'^'''' G7731A 
mtDNA mutation produced animals that appeared to be phe- 
notypically normal. This work highlights the promise of this 
technology in generating future mt-tRNA disease models. 

Other therapeutic options under active investigation for mito- 
chondrial diseases include cytoplasmic transfer, gene therapy, 
or even eliminating dysfunctional mitochondria by altering 
mitochondrial dynamics to favor quality control mechanisms 
(Dimauro et al., 2013). In yeast, overexpression of the corre- 
sponding mt-ARS provides a rescue mechanism for pathological 
mt-tRNA mutations (De Luca et al., 2006). In human cells that 
model MELAS, the mt-tRNA^™ A3243G mutation can be res- 
cued by over expression of mt-LeuRS (Park et al., 2008; Li and 
Guan, 2010). Furthermore, in yeast models of some mt-tRNA'''^", 
mt-tRNA'^''', and mt-tRNA"'^ mutations, overexpression of the 
carboxy-terminal domain of mt-LeuRS is sufficient to rescue the 
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respiratory chain defects (Francisci et al., 201 1). In human cybrid 
cells overexpression of mt-LeuRS, mt-ValRS, and mt-IleRS has 
been shown to rescue pathogenic mutations in mt-tRNA"*^ (Peril 
et al., 2014). How the mt-LeuRS C-terminal domain is able to 
specifically rescue the defect associated with the mutant tRNA 
remains to be determined, but may involve direct interactions 
with mt-tRNA"'= (PerK et al, 2014). 

Mitochondrial gene replacement offers one of the most dra- 
matic routes to treatment of mitochondrial disease. A recent note- 
worthy experiment featured the transfer of the nuclear genome 
from a primate oocyte to an enucleated oocyte of another pri- 
mate containing only mitochondria (Tachibana et al, 2009). The 
oocytes generated contained the nuclear genome from two par- 
ents but mitochondria from the donor; when implanted in pseu- 
dopregnant mother they were able to successfully produce healthy 
rhesus macaque offspring. Not surprisingly, human oocyte mito- 
chondrial genome transfer is under way (Amato et al., 2014), 
although research in the U.S. likely to lag relative to Europe, owing 
to U.S. funding restrictions on human embryo research. While 
this three-parent in vitro fertilization shows tremendous promise 
as means to produce a child without mitochondrial DNA muta- 
tions that retains both parents' nuclear genome, the approach 
does not address curing existing patients with mitochondrial 
disease, or treating mtDNA mutations that arise spontaneously. 

CYTOPLASMIC tRNA CELLULAR INTERACTIONS AND 
DISEASE 

DISEASE-ASSOCIATED CYTOPLASMIC tRNA MUTATIONS ARE NOT 
OBSERVED 

The human genome contains approximately 500 tRNA genes, 
including gene duplications (Lowe and Eddy, 1997; Schattner 
et al., 2005). However, there are only 61 anticodons specified by 
the triplet code, so many of these identified tRNA genes share the 
same anticodon but differ in sequence elsewhere. Remarkably, a 
human disease that is linked to a mutation in a cytoplasmic tRNA 
has not yet been reported, and this may be a direct result of the 
presence of multiple paralogs of the gene encoding each cytoplas- 
mic tRNA molecule. The tRNA for each anticodon, save a single 
gene for tRNAT)"" (ATA), is encoded by as many as 32 paralo- 
gous genes (Chan and Lowe, 2009). The process of generating 
each mature tRNA is a complex sequence of events that includes 
gene transcription, splicing, 5' and 3' end processing, CCA addi- 
tion, transportation, and aminoacylation (Hopper et al., 2010). 
Errors in this sequence arising from mutations in the genes 
encoding the enzymes that bind and process cytoplasmic tRNA 
molecules are known, and account for a number of reported dis- 
eases. Furthermore, a growing body of literature suggests that 
tRNA molecules possess previously unrecognized biological func- 
tions in eukaryotes which are not fully understood (Phizicky and 
Hopper, 2010), and that may be perturbed by disruptions of 
the tRNA-protein interaction. Some of these biological functions 
include regulation of cellular apoptosis (Mei et al, 2010; Hou and 
Yang, 2013). See Figure 2 for a schematic overview. 

ROLE FOR tRNA MODIFICATIONS IN DISEASE 

The tRNAs found in higher eukaryotic species are more highly 
modified relative to prokaryotic and viral tRNA, a distinction that 



may have arisen from multiple selection pressures. Consequently, 
various human diseases can arise from improperly modified 
tRNA molecules (Torres et al., 2014). One element may have been 
to facilitate immune system discrimination of foreign tRNAs from 
self-tRNAs (Hanada et al, 2013), discussed below. Modifications 
of tRNA molecules can serve to support proper folding or 
facilitate recognition by other interacting enzymes. Classically, 
impaired modification of mt-tRNA has been associated with 
reduced recognition by ARS. More recently, methylation of tRNA 
has been linked to immune response stimulation (or suppres- 
sion), via toll-like receptor 7 (TLR7) (Kariko et al., 2005; Robbins 
et al., 2007; Hamm et al., 2010; Jockel et al, 2012). Toll-like recep- 
tor activation initiates intracellular signaling events in immune 
cells by stimulating the release of cytokine type I interferon 
(IFN). Immune cell TLR7 stimulation can also occur when either 
viral or bacterial single-stranded RNA or siRNA binds to the 
receptor in the endosome or cytoplasm (Blasius and Beutler, 
2010) and results in IFN production (Takeuchi and Akira, 2010). 
Purified tRNA from various bacterial species was used to test 
the immunostimulatory potential in human peripheral blood 
mononucleated cells (PBMCs). Interestingly, tRNA purified from 
T.thermophilus and E.coli did not stimulate IFN-a production 
from PBMCs. Differences in specific tRNA methylation sites 
between bacterial species may thus be responsible for loss of 
TLR7 stimulation and IFN-a production. Isolated tRNA from 
E.coli species lacking a specific tRNA-methyltransferase, the trmH 
encoded Gml8-2'-0-methyltransferase, acquired immunostimu- 
lation of TLR7. Curiously, only 7 of 42 tRNAs are Gml8 mod- 
ified in E.coli (Sprinzl and Vassilenko, 2005). Modified Gml8 
tRNA mediated inhibition of TLR7 stimulation in mouse FLT3L- 
induced dendritic cells (DCs) occurs in a dose dependent manner. 
Also, GmlS-modified tRNA can inhibit viral influenza a virus 
(lAV) TLR7 stimulation. These experiments demonstrate that 
GmlS-modified tRNA can act as an antagonist against TLR7- 
mediated production of IFN-a. In a similar investigation, the 
2'-0-methylated Gml8 of yeast tRNA^^'^ and tRNA'^'"" was also 
found to exert a suppressive affect on the immune response via 
TLR7 antagonism (Gehrig et al, 2012). 

tRNA SPLICING AND DISEASE 

After transcription by polymerase III, many pre-tRNA molecules 
undergo post-transcriptional alterations to produce a mature 
product that can be utihzed for translation. Initial transcripts are 
cleaved by the nucleases tRNaseZ and RNase P, which act to form 
the 3' and 5' ends, respectively. Additional modifications are made 
in the nucleus before transportation into the cytoplasm where, if 
necessary, alternative splicing can occur. Overall, RNA editing and 
alternative splicing is highest in the brain compared with other 
tissues (Norris and Calarco, 2012; Tariq and Jantsch, 2012). In 
humans the spleen has the highest expression of tRNA followed by 
the brain (Dittmar et al., 2006). As tRNA splicing has an impor- 
tant role in the central nervous system (CNS) it is not surprising 
that mutations in the splicing machinery can cause specific CNS 
diseases. In the human genome there are 32 intron-containing 
tRNAs (Lowe and Eddy, 1997). 

Pontocerebellar hypoplasia (PCH) is a heterogeneous neu- 
rodegenerative disorder characterized by defective growth. 
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FIGURE 2 I Transfer RNA interactions and associated diseases. 

Cellular pathways of tRNA and interacting proteins and enzymes. 
Diseases discussed in this review are italicized in red. Figure was 
generated using BioDraw Ultra 12.0. Disease abbreviations: 
Charcot-Marie-Tooth disease (CMT), pulmonary veno-occlusive disease 



(PVOD), pontocerebellar hypoplasia (PCH). Enzyme abbreviations: AARS, 
aminoacyl-tRNA synthetase: CLPl, cleavage and polyadenylation factor I 
subunit 1; TSEN, tRNA-splicing endonuclease complex; IFIT, 
interferon-induced tetratricopeptide repeat; GCN2, general control 
nonderepressible 2. 



development, and function of the brainstem and cerebellum. 
Symptoms of PCH include microcephaly, seizures, hypotonia, 
hyper-reflexia, and optic atrophy. Magnetic resonance imaging 
(MRI) of patient brain tissue shows immature development of 
the cerebellum as well as mild structural defects (Budde et al., 
2008). Mutations in the tRNA-splicing endonuclease complex 
(TSEN2, TSEN15, TSEN34, and TSEN54) were identified in mul- 
tiple PCH2 and PCH4 patients. An A307S substitution in TSEN54 
that is predicted to be non-catalytic appeared in multiple cases 
(Budde et al, 2008). Notably, TSEN54 is highly expressed in 
the pons and cerebellar dentate regions of the developing brain 
(Budde et al, 2008). Two mutations that encode Y309C and 
R58W substitutions in the catalytic subunits TSEN2 and TSEN34, 
respectively, were also identified. As these are unlikely to com- 
pletely abolish endonuclease activity, altered tRNA splicing may 
not be the sole cause of the phenotype. Alternatively, these might 
compromise mRNA 3' end formation or a function of TSEN54 



other than tRNA editing, leading to insufficient protein synthesis 
of specific brain regions during development. 

A mutation in a kinase that associates with the TSEN splic- 
ing complex affects tRNA processing and is embryonic lethal. 
Cleavage and polyadenylation factor I subunit 1 (CLPl) is a mam- 
malian RNA kinase capable of phosphorylating the 5'hydroxyl 
of double and single stranded RNA and has a role in mRNA 
3'-end formation (Weitzer and Martinez, 2007; Ramirez et al., 
2008). CLPl associates with the TSEN splicing complex and a 
role for CLPl in tRNA processing has recently been demon- 
strated (Hanada et al., 2013). A mouse model for a CLPl 
mutation that abolishes kinase activity was used to examine 
the phenotypic outcome. Neonatal death of the CPLl mutant 
mice was a consequence of respiratory failure and non-viable 
mouse pups showed a substantial loss of motor neurons. An 
accumulation of novel tyrosine tRNA fragments derived from 
pre-tRNA was observed in the brain, muscle, kidney, heart, and 
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liver, while mature tRNA levels remained normal. Recent ini- 
tial biochemical characterization of CLPl as part of the TSEN 
tRNA splicing complex has demonstrated that ATP is not required 
for CLPl binding to the complex but CLPl ATP hydrolysis is 
required for proper pre-tRNA cleavage (Hanada et al., 2013). 
Also, efficient pre-tRNA cleavage is protein phosphorylation 
dependent. 

tRNA FRAGMENTS AND DISEASE 

As shown above, tRNA fragments can be associated with disease 
(Fu et al., 2009). Angiogenin is a ribonuclease that is essential 
in blood vessel growth and development (Shapiro and Vallee, 
1987) and has a role in angiogenesis (Shapiro and Vallee, 1989). 
Interestingly, in vitro full length tRNAs were shown to be sub- 
strates for angiogenin (Saxena et al., 1992). Under a broad range 
of stresses that include heat shock, hypoxia, hypothermia, and 
nutritional deprivation stress-induced small RNAs (tiRNAs) of 
30-40 nucleotides can be generated by cleavage in the anticodon 
region (Fu et al., 2009). Mature tRNA fragments derived from 
tRNA^ly, tRNA^l", tRNA^^l, tRNA^s have been identified in 
human fetal liver, mouse liver and heart tissue, and various cells 
lines. Significantly, reduction in angiogenin levels by siRNA treat- 
ment has been shown to decrease the accumulation of tRNA^^' 
halves under stress conditions. The production of tRNA halves 
appears to cause translational arrest by a mechanism distinct from 
the better-known eIF2a dependent phosphorylation (Yamasaki 
et al, 2009). Of further interest, only the 5' generated fragments 
are associated with translational arrest, and S'-tiRNA'^'''* and 5'- 
tiRNA^'" are the most potent repressors of translation relative to 
other 5'-tiRNAs (Ivanov et al., 2011). The molecular mechanism 
of tiRNA translational repression has been linked to displacement 
of elFG/A from mRNA. This proposed translational repression 
mechanism in mammalian cells involves the formation of a tiRNA 
and protein Y box binding protein 1 (YB-1) complex that asso- 
ciates with m''G cap of mRNA to inhibit elFG/A from initiating 
translation (Ivanov et al., 201 1). 

tRNA BINDING PROTEINS DURING CELLULAR STRESS CAUSE DISEASE 

Translation in eukaryotes can be attenuated in response to diverse 
environmental stresses, including nutrient deprivation, iron lim- 
itation, protein export blockage, viral infection, UV irradiation 
and others. The physiological responses to these environmen- 
tal challenges are coordinated by members of the eIF2a kinase 
family, which possess the ability to phosphorylate eIF2a when 
activated (Wek et al, 2006; Baird and Wek, 2012). The GCN2 
kinase serves as the principal response to nutrient limitation, 
and reveals a special role for tRNA in its regulatory mechanism 
(Harding et al, 2003; Wek et al, 2006). In response to amino acid 
starvation, uncharged tRNA specifically activates GCN2 , by virtue 
of binding to a HisRS-like domain. GCN2 is a serine-threonine 
kinase and, in addition to its kinase domain, also contains a 
HisRS like domain(Wek et al, 1995). The binding of tRNA to the 
HisRS-like domain induces a conformational change that subse- 
quently activates the kinase domain (Dong et al., 2000; Qiu et al., 
2001). 

Animals lack the ability to synthesize 9 of the canonical 20 
amino acids found in proteins. When an animal consumes an 



amino acid imbalanced diet, the deficiency in one or more 
essential amino acids decreases the concentration of essential 
amino acids in the blood stream. This elicits a short-term 
response, mainly controlled by the brain, and a longer-term 
response, largely controlled by the liver. The short term and brain 
specific response is based on special properties of the anterior 
piriform cortex, a region of the brain that functions in olfac- 
tion (Hao et al., 2005). GCN2 specifically expressed in this region 
acts as a special sensor of indispensible (essential) amino acids, 
regulating feeding behavior through its control of activating tran- 
scription factor 4 (ATF-4), the mammalian homolog of GCN4 
(Harding et al, 2000; Hao et al, 2005). When rats are fed an lAA- 
deficient diet, the buildup of uncharged tRNA leads to activation 
of GCN2 (Rudell et al, 2011). This causes an adverse response, 
such that the animals cease feeding and search for new food 
sources that have a complete panel of essential amino acids. The 
neural circuitry for this behavior is only partially understood, but 
is being actively investigated (Maurin et al., 2014). 

In addition to nutrient deprivation, the expression of GCN2 
in the brain has recently been shown to participate in the control 
of long-term potentiation (LTP), a major component of synaptic 
plasticity associated with the enhancement of signaling between 
neurons. The late phase of LTP (L-LTP) is dependent on gene 
expression and de novo protein synthesis. A key factor in long 
term memory in general and LTP in particular is the repressor of 
cAMP responsive element binding protein (CREB), which plays a 
direct role in L-LTP, learning, and memory (Costa-Mattioli et al., 
2005). Notably, CREB expression is negatively regulated by ATF4, 
which is controlled by GCN2. CREB, ATF4, and GCN2 establish 
a circuit in which perturbations of translational initiation lead to 
changes in both electrophysiological measurements of LTP and 
altered performance in quantitative tests of memory, such as the 
Morris water maze test. The expression of ATF4 is down regulated 
in GCN2^/^ animals, resulting in increased spatial memory after 
weak training, but poorer spatial memory after extensive train- 
ing (Costa-Mattioli et al., 2005). Notably, the switch from short 
term to long synaptic plasticity and memory is dependent on 
eIF2a phosphorylation, which is a direct consequence of GCN2 
activity (Costa-Mattioli et al, 2007). Collectively, these obser- 
vations underscore the role of protein synthesis control in the 
establishment of memory. GCN2 also serves a function in proper 
neurobiology development and is down regulated by inhibition 
from imprinted and ancient gene protein homolog (IMPACT) in 
order to promote protein synthesis and neurite growth (Pereira 
et al., 2005; Roffe et al, 2013). 

Recently, two reports linked inherited mutations in the gene 
encoding GCN2, EIF2AK4, with complex phenotypes arising 
from vascular pathology. In the first report (Eyries et al., 2014), 
numerous mutations in the EIF2AK4 gene were linked to pul- 
monary veno-occlusive disease (PVOD), which is characterized 
by obstruction and blockage of pulmonary veins by fibrous, col- 
lagen rich tissue. PVOD is characterized by low diffusing capacity 
for carbon monoxide, septal line and lymph node enlargement, 
as well as occult alveolar hemorrhage (Eyries et al, 2014). By 
whole-exome sequencing, subjects in 13 families with the dis- 
ease were found to possess multiple mutations in the EIF2AK4 
gene, in both the homozygous and compound heterozygous state 
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(Eyries et al., 2014). Age of onset in patients varied widely from 
10 to 50 years of age. Most mutations encoded stop codons in 
the GCN2 open reading frame, but at least two encoded mis- 
sense mutations that mapped to conserved residues in the kinase 
domain. 

In a second study (Best et al, 2014), inherited and spo- 
radic mutations in the EIF2AK4 gene were linked to pulmonary 
capillary hemangiomatosis (PCH), a progressive and eventu- 
ally fatal disease characterized by capillary proliferation and 
invasion into alveolar septa and the bronchial wall. Symptoms 
included pulmonary hypertension, fatigue, cough, weight loss, 
and dyspnea. Exome sequencing between related individuals of 
patients with PCH determined that mutations in EIFAK4 are 
responsible for the autosomal recessive PCH phenotype. Both 
affected siblings carried the same compound heterozygous muta- 
tions for which the parents were heterozygous carries, a non- 
sense 3438C>T (ArgllSOX) mutation and frameshift 1153dupG 
(Val385fs) mutation (Best et al., 2014). Owing to clinical simil- 
iarity and related immunohistochemistry, PVOD is grouped with 
PCH, (Langleben et al, 1988; Humbert et al, 1998) and it is 
likely that these are different clinical description of the same basic 
pathophysiology. There is insufficient information to rationalize 
the connection between GCN2 and lung vascular pathophysiol- 
ogy, but an interesting hypothesis is that mutations that com- 
promise GCN2 stress response function may expose pulmonary 
environment to more oxidative stress, which may predispose both 
mouse pulmonary hypertensive models and human subjects to 
pulmonary hypertension (Eyries et al., 2014). 

Many studies have demonstrated the importance of GCN2 
regulation during cellular stress (Grallert and Boye, 2013). In 
addition to its link in the pulmonary diseases described above 
GCN2 has an essential role in supporting tumor cell growth (Wek 
and Staschke, 2010) and proliferation (Ye et al, 2010, 2012). An 
alternative hypothesis is that GCN2 interacts with SMAD4 and 
SMADl family members, which have been implicated in signal- 
ing pathways associated with bone morphogenic protein (BMP) 
signaling, which is also genetically linked to pulmonary arte- 
rial hypertensive disorders (West et al, 2004). As whole genome 
sequencing becomes more affordable and widely available, it is 
likely that other clinical manifestations will be linked to altered 
GCN2 function, perhaps even with the neurobiological context 
suggested by the previously described work on nutrition sensing 
and LTP formation. 

THE MOLECULAR BIOLOGY OF TRANSLATION IN NEURONS AND 
PROTEIN SYNTHETIC MACHINERY 

Neurons possess distinct compartments, axons and dendrites col- 
lectively referred to as neurites, which are packed with specific 
sets of proteins to facilitate neuronal function. Positioning mRNA 
in these specialized compartments for protein synthesis allows 
neurons to remodel neurites during outgrowth, regulate synthesis 
of receptor subunits altering the synaptic proteome, and prevent 
uncontrolled recurring excitation (Turrigiano, 2011; Penn et al., 
2013). A number of significant neurodegenerative diseases, such 
as amyotrophic lateral sclerosis (ALS), fragile X tremor ataxia 
syndrome (FXTAS), and myotonic dystrophy apparently involve 
dysfunctional messenger RNA (mRNA) localization (Ramaswami 



et al., 2013). Neuronal transport of mRNA from the soma to 
axons and dendrites is in part dependent on a family of pro- 
teins referred to as RNA binding proteins (RBPs) (Darnell, 
2013). Localized translation can provide efficient increases in 
local protein concentrations, and regulate both immediate and 
delayed responses in neurons (Holt and Schuman, 2013). As 
our understanding of localized translation grows to include 
mRNA metabolism and spatial regulation, our understanding 
of how the other components of protein synthesis machinery 
are trafficked and spatially regulated in neurons should also 
expand. 

In most cells, tRNA comprises approximately 12% of total 
RNA (Pace et al, 1970). Currently, tRNA molecules undergo 
selective transportation and localization in order for accurate pro- 
tein synthesis to occur in eukaryotic cells. After transcription 
by RNA Pol III some tRNA molecules can be cleaved and post- 
transcriptionally modified in the nucleus (Hopper and Phizicky, 
2003) before being transported into the cytoplasm for protein 
synthesis. Cytoplasmic tRNA can undergo retrograde transporta- 
tion from the cytoplasm back into the nucleus (Rubio and 
Hopper, 2011). This mechanism may help control the rate of 
protein synthesis by sequestering tRNA into the nucleus during 
times of cellular stress. Evidence of nuclear accumulation of tRNA 
has been shown to occur within 15min after glucose starvation 
(Whitney et al., 2007). Further indication shows that this appears 
to be linked to PKA activation and signaling but GCN2 pathway 
independent (Whitney et al., 2007). Amino acid starvation can 
also drive accumulation of tRNA into the nucleus (Shaheen and 
Hopper, 2005). 

Given the emerging role of tRNA localization, it may be 
noteworthy that the interferon-induced tetratricopeptide repeat 
(IFIT) protein IFIT5 was recently shown to have tRNA bind- 
ing properties (Katibah et al, 2013). IFIT5 was shown to bind 
RNA with 5'phosphate caps including initiator methionine iMet, 
tRNA^^l, tRNA^ly, and tRNA^^^ IFIT5 appears to coimmuno- 
precipitate with shorter fragments rather than full-length tRNA 
molecules, suggesting it may help target tRNAs for degradation. 
IFIT5 can also bind actin, and localize to the cellular surface. 
In the same way that mRNA is preferentially trafficked to den- 
drites and axons (Wang et al., 2007), tRNA molecules may also 
be recruited to active sites of localized translation, setting the 
stage for translation to occur. Recently, single molecule stud- 
ies using fluorescence in situ hybridization (FISH) showed that 
P-actin mRNA and ribosome mobilization to axons is stimulus 
induced, and that the P-actin mRNA becomes more available 
to translation machinery after synaptic stimulation (Buxbaum 
et al, 2014). This same group later developed a transgenic mouse 
with in vivo labeled P-actin mRNA (Park et al, 2014). P-actin 
mRNA appeared as part of granules and often multiple copies of 
the transcript were found in granules localized to dendrites. The 
movement of endogenous P-actin mRNA containing granules 
from the soma to the synapse was subsequently estimated to occur 
at a speed of 1.3 [im/s (Park et al., 2014). Comparably, IFT5 actin 
localization and tRNA binding activity could serve as a potential 
mechanism to inhibit localized translation, but IFIT5 localization 
to actin structures was shown to also be independent of RNA 
binding. However, there may still be potential mechanisms in 
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place to spatially regulate tRNA localization within neurons that 
remain to be elucidated. 

AMINOACYL-tRNA SYNTHETASES AND DISEASE 
OVERVIEW OF AMINOACYL-tRNA SYNTHETASES 

Aminoacyl-tRNA synthetases (ARSs) catalyze the attachment of 
amino acids to cognate tRNA, a key reaction that contributes to 
the accuracy of protein synthesis. ARSs can be divided into two 
distinct classes (Carter, 1993; Ibba and Soil, 2001, 2004). Class 

I enzymes are, with the exception of TyrRS and TrpRS, prin- 
cipally monomeric, contain a Rossman fold catalytic domain, 
and aminoacylate the 2' hydroxyl of the terminal adenosine of 
their cognate tRNAs. Class II ARSs typically form dimers and 
tetramers, and feature a catalytic domain organized around an 
antiparallel beta sheet fold flanked by alpha helices. The class 

II enzymes couple the amino acid moiety to the 3' hydroxyl of 
the tRNA's terminal adenosine. A typical animal cell contains 
37 cytoplasmic and mitochondrial synthetase genes, all of which 
are encoded on nuclear chromosomes. Mitochondrial synthetases 
are given the same name as cytosolic synthetases, appended 
with the numeral 2 (e.g., HARS and HARS2). Collectively 
they ensure accurate and efficient protein synthesis under a 
broad range of conditions and, significantly in multiple cellular 
compartments. 

Pathological mutations have been identified in 10 of the genes 
encoding mt-ARSs (Schwenzer et al., 2013). The first of these 



was identified in the DARS2 gene, which encodes mitochondrial 
aspartyl-tRNA synthetase (Scheper et al., 2007). Currently, patho- 
logical mutations that cause human diseases have been identified 
in ten genes that encode cytoplasmic tRNA-synthetases. The first 
cytoplasmic ARS mutation associated with a human disease, 
Charcot-Marie-Tooth, was discovered in glycyl-tRNA synthetase 
(GARS) (Antonellis et al., 2003). Here, we will focus specifi- 
cally on aminoacyl tRNA synthetase mutations that affect the 
peripheral nervous system, sensorineural tissues, and the central 
nervous system (Table 2). 

AMINOACYL-tRNA SYNTHETASES AND PERIPHERAL NEUROPATHIES 

Charcot-Marie-Tooth disease (CMT) is a hereditary peripheral 
neuropathy that manifests as progressive degeneration of distal 
motor and sensory neurons, leading ultimately to muscle weak- 
ness and atrophy of the legs and hands/arms. The various forms of 
CMT can be further categorized into either demyelinating type 1, 
which features defects in the myelin sheath surrounding periph- 
eral nerves, and axonal type 2, which results in abnormalities in 
the axon of the peripheral nerve. Nerve conduction studies and 
electromyography (EMC) examination of patients with CMT are 
typically abnormal. While more than 80 genes have been linked to 
CMT (Timmerman et al, 2014), 30 mutations in ARS genes are 
associated with the intermediate and axonal autosomal dominant 
and intermediate autosomal recessive forms of the disease (Yao 
and Fox, 2013). 



Table 2 | Aminoacyl-tRNA synthetase mutations associated with neurological disease. 



ARS_Protein 


Phenotype 


Location of mutation(s) 


Phenotype 


References 


OMIM# 


OMIM# 


in protein structure 






KARS_601421 


613641 


Anti-codon binding domain 


CMTRIB 


McLaughlin eta!., 2010 






Active site 






GARS_600287 


601472 


Dimer interface 


CMT2D 


Antonellis et al., 2003 




600794 




DHMN5A 




AARS_601065 


613287 


Editing domain 


CMT2N 


Latouretal., 2010 


YARS_603623 


608323 


Catalytic domain 


DI-CMTC 


Jordanova et a!., 2006 


HARS_142810 


NC 


Dimer interface 


CMT 


Vester et al., 2013 


HARS2_600783 


614926 


Catalytic domain 


Perrault syndrome 


Pierce et al., 2011 


LARS2_604544 


615300 


Catalytic domain 


Perrault syndrome 


Pierce et al., 2013 






C-terminal domain 






HARS_142810 


614504 


Anti-codon binding domain 


Usher syndrome IIIB 


Puffenberger et al., 2012 


KARS_601421 


613916 


Anti-codon binding domain 


ARNSHI 


Santos-Cortez eta!., 2013 


DARS_603084 


615281 


Catalytic domain 


HBSL 


Taft etal., 2013 


DARS2_610956 


611105 


Multiple 


LBSL 


Scheper et al., 2007 


RARS2_611524 


611523 


Lacking exon 2 


PCH 


Edvardson etal., 2007 


QARS_603727 


ONA 


Catalytic domain 


MCPH 


Zhang et al., 2014 






N-terminal domain 






MARS_1 56560 


NC 


C-terminal domain 


HSR 


Novarino et al., 2014 






N-terminal domain 






EARS2_612799 


614924 


Multiple 


LTBL 


Steenweg et al., 2012 


AIMP2_600859 


168600 


na 


Parkinson's disease 


Lee etal., 2013 



NC, not confirmed: ONA, OMIM not assigned; Na, not applicable; CMT, Charcot-Marie-Tooth disease; DHMN5A, distal spinal muscular atrophy type V; ARNSHI, 
autosomal recessive non-syndromic hearing Impairment; IHBSL, hypomyelination with brain stem and spinal cord involvement and leg spasticity; LBSL, leukoen- 
cephalopathy with brainstem and spinal cord Involvement and elevated lactate; PCH, pontocerebellar hypoplasia; MCPH, autosomal recessive primary microcephaly; 
HSP hereditary spastic paraplegia; LTBL, leukoencephalopathy with thalamus and brainstem Involvement and high lactate. 
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The first cytoplasmic ARS to be linked to CMT was glycyl- 
tRNA synthetase (GARS) (Antonellis et al, 2003). Since that 
initial report, mutations in the genes encoding four addi- 
tional aminoacyl-tRNA synthetases have been linked to CMT 
(Wallen and Antonellis, 2013). Mutations in the GARS gene 
can cause both CMT2D and distal spinal muscular atrophy 
type V (DHMN5A) (Antonellis et al, 2003). It is likely signif- 
icant that the synthetase enzyme encoded by the GARS gene 
is obliged to function in both the cytoplasmic and mitochon- 
drial compartments. Similar to other class II enzymes, GARS 
is an obligate dimer, and several of the mutant substitutions 
linked to CMT alter residues located at the dimer interface (Xie 
et al., 2007). Some of these have been shown to either weaken 
or strengthen dimer formation (Xie et al., 2007). Additionally, 
it may also be relevant that wild type protein forms punctate 
structures (granules) in neurite projections, a property lost in 
some of the GARS CMT mutants (Antonellis et al., 2006). Other 
in vitro models of CMT GARS mutations also demonstrate a 
defect in localization to neurite like projections in a transfected 
neuroblastoma cell line (Nangle et al, 2007). It is not clear 
whether the phenotype is related solely to the cytoplasmic or 
mitochondrial distribution of GARS, or both. However, cytoplas- 
mic ARS gene mutations associated with peripheral neuropathies 
(Wallen and Antonellis, 2013) indicate that dysfunctional mito- 
chondrial protein translation is not the primary cause of these 
phenotypes. 

A unique Drosophila model was created to examine the effects 
of the GARS CMT2D mutation on two different types of neurons, 
olfactory projection neurons and mushroom body y neurons 
(Chihara et al., 2007). These represent two different CNS neu- 
ron populations and differ in development, morphology, and 
circuitry. The olfactory projection neurons showed severe defects 
in dendritic morphology but few axonal defects. However, mush- 
room body Y neurons had defects in both axon and dendritic 
morphology. Interestingly, as GARS is cytoplasmic and mito- 
chondrial, individual disruption of cytoplasmic protein synthesis 
caused large defects in axonal and dendritic nerve end branching, 
while disruption of mitochondrial protein synthesis led to more 
dendritic nerve end branching than axonal. The Drosophila GARS 
mutations could be rescued by expression of human WT GARS. 
However, CMT2D mutations E71G and L129P could not rescue 
the defective neuronal projections and hence are loss of function 
mutations. 

Mouse models of GARS CMT mutations have shed some 
light on the possible pathological mechanism for which ARSs 
can cause peripheral neuropathy. Interestingly, there did not 
appear to be significant mislocalization of GARS protein or 
change in GARS granule formation in the CMT2D mouse model, 
Q^j^5Nmf294/+ (s^^jj^ 2011). The GARS'^'"f2'''*/+ mouse 

model of CMT2D also showed defects in the neuromuscular 
junction (NMJ), reduced axon diameter, and sensory and periph- 
eral axonal loss but no myelination defects. Importantly, this 
mutation does not cause a substantial loss of primary aminoa- 
cylation function (Seburn et al, 2006). More recent studies of 
GARS^™'^^^''^" mice have shown that peripheral neuropathy is 
not caused by reduced neuronal connectivity to distal muscle 
fibers but that defects and denervation commonly observed at 



NMJs corresponds to inappropriate maturation process at distal 
muscle fibers (Sleigh et al., 2014). 

The cytoplasmic tyrosyl-tRNA synthetase (YARS) is also linked 
to CMT. In particular, the mutant substitutions G41R and E196K, 
and deletion A153-156, are associated with dominant inter- 
mediate Charcot-Marie-Tooth C (DI-CMTC) (Jordanova et al, 
2006). While the G41R and A153-156 mutations demonstrated 
severe catalytic defects, the El 96 mutant was more active, sug- 
gesting that canonical activity defects are not responsible for 
the disease phenotype (Froelich and First, 2011). Furthermore, 
mutations are not found in domains responsible for previously 
reported non-canonical functions such as the cytokine activity of 
YARS (Wakasugi and Schimmel, 1999), suggesting that the CMT 
pathogenic substitutions may not be associated with YARS non- 
canonical activities. The mutated YARS enzyme exhibits stability 
in vivo that is comparable to the wild type enzyme (Froelich and 
First, 2011), but may be subject to a similar tendency to cellu- 
lar mislocalization in neuroblastoma cells lines that was seen with 
GARS (Jordanova et al., 2006). 

The bifunctional (cytoplasmic and mitochondrial) lysyl-tRNA 
synthetase (KARS) represents another targeted gene in CMT. One 
interesting CMT patient was found to be a compound heterozy- 
gote with mutations encoding both a L133H missense and a 
Y173SX7-frame shift mutation (McLaughlin et al, 2010). Both 
mutations localize to the anticodon-binding domain, however the 
Y173SX7-frame shift likely results in complete loss of the catalytic 
domain. The L113H catalytic analysis results showed a reduction 
in aminoacylation to levels below 25% of wild type. In addition 
to peripheral neuropathy, a behavioral pathology was observed 
in this subject. KARS is also part of the multi-synthetase com- 
plex (MSG) and can exist as either a dimer or tetramer. KARS 
has additional non-canonical functions involved in signaling, cell 
migration, and viral HIV infection, some of which are activated 
by post-translational modification (Motziket al., 2013). Mitogen- 
activated kinase (MAPK) phosphorylation induces release of one 
dimer from the MSG for translocation into the nuclease, while the 
other dimer remains with the MSG to continue protein synthesis 
(Ofir-Birin et al, 2013). 

Another well characterized tRNA synthetase associated with 
hereditary motor neuropathy is the cytosolic alanyl-tRNA syn- 
thetase (AARS). In an earlier study, characterization of the mouse 
strain AARS'*'' (or "sticky" mouse) with uncharacteristic CMT 
phenotype, a progressive neurogeneration and a coat defect, sug- 
gested a link between these properties and an editing defect 
in AARS (Lee et al, 2006; Latour et al, 2010). Phenotypically, 
the AARS'**' mice have significant Purkinje cell loss and ubiq- 
uitin inclusions suggestive of protein misfolding that are absent 
in mice (Stum et al., 2011). Another genetic 

investigation of AARS CMT2N subjects in an Australian family 
showed additional symptoms that included sensorineural deaf- 
ness (McLaughlin et al, 2012). An attractive hypothesis is that 
the protein misfolding is a direct consequence of mistranslation 
originating from the misacylation of tRNA^'^ with serine instead 
of alanine (Guo et al, 2009). 

Mutations in ARS genes have also been linked to non-CMT 
peripheral neuropathies. Recently, a cytoplasmic histidyl-tRNA 
synthetase (HARS) heterozygous mutation, R137Q, was found in 
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a 54-year-old patient with peripheral neuropathy (Vester et al, 
2013). In yeast, the mutation encoded a loss of function substi- 
tution in HARS, and the transfected mutant HARS gene failed 
to support growth. When introduced in C. elegans, the mutant 
HARS gene bearing the R137Q mutation caused aberrant motor 
neuron axonal growth and a progressive loss of motor coordina- 
tion. In a fashion reminiscent of the some of the GARS-linked 
GMT mutants, the R137Q substitution eliminates a salt bridge 
at the dimer interface with D64 of the opposite monomer (Xu 
et al., 2012). This provides one scenario by which the R137Q 
substitution could bring about a loss of function, and promote 
the peripheral neuropathy phenotype. However, the existence of 
a heterozygous asymptomatic carrier with the same mutation 
suggests that the genetics of the system are not straightforward, 
and may be confounded by incomplete penetrance effects. On 
a related note, patients with late-onset CMT2 were identified 
with mutations in the methionyl-tRNA synthetase (MARS) gene 
(Gonzalez et al., 2013). The mutation affects a highly conserved 
arginine residue, R618C, that forms a salt-bridge interaction at 
the catalytic and anticodon-binding domain interface. Much like 
with R137Q HARS, the R618G MARS phenotype is observed to 
have a late onset, and does not show complete penetrance. Both 
mutations cause a loss of function in yeast models. 

AMINOACYL-tRNA SYNTHETASES AND SENSORINEURAL DISEASES 

Sensorineural deafness is characterized by defects in either the 
inner ear or the connecting auditory neural circuitry. Perrault 
Syndrome is described clinically as an ovarian dysgenesis with 
sensory hearing loss. Genetic studies indicate that mutations in 
mitochondrial HARS2 and LARS2 are both linked to Perrault 
Syndrome (Pierce et al., 2011, 2013). In the HARS2 gene, a com- 
pound heterozygous mutation encoding both L200V and V368L 
is linked to Perrault Syndrome, and these substitutions alter 
highly conserved residues in the catalytic domain. Pyrophosphate 
exchange assays demonstrated that the resulting mutant pro- 
teins exhibit decreased activity, implying that the phenotype is a 
straightforward loss of function effect likely arising from reduced 
respiratory chain complex activity. Given the limitations of this 
single assay, the mutant substitutions may have other struc- 
tural and functional consequences. Similarly, the LARS2 mutation 
associated with Perrault Syndrome, T522N, also targets a highly 
conserved residue located in the catalytic domain. By contrast, the 
frame shift mutation at codon 360 (c.l077delT) and T629M com- 
pound heterozygous mutations found in another Perrault syn- 
drome patient localizes to the poorly conserved leucine-specific 
G-terminal domain. Yeast complementation assays showed that 
T522N LARS2 did not support growth, while T629M LARS2 did. 
Notably, C. elegans models carrying the mutations were com- 
pletely sterile, recapitulating at least one component of the disease 
phenotype. 

Cytoplasmic HARS has been also been associated with a 
heterogeneous sensorineural disease that causes deaf-blindness 
Usher Syndrome Type IIIB. Usher Syndrome is a polygenetic 
disease with at least 11 different loci identified. Most of the 
genes associated with Usher Syndrome are typically involved in 
inner ear hair cell morphology and development (Yan and Liu, 
2010). The three clinical subtypes are divided up by severity of 



the symptoms and age of onset that the phenotype presents. 
A homozygous mutation in HARS, Y454S, was discovered in 
patients with Usher Syndrome IIIB (Puffenberger et al., 2012) 
and is the first cytoplasmic HARS mutation associated with dis- 
ease. In these patients hearing and vision are severely impaired 
early in childhood, and fever induced hallucinations can occur. 
While peripheral nerve function seems to be normal, there is 
some mild trunk ataxia. The Y454S mutation, which is local- 
ized specifically on the surface of the anticodon-binding domain 
(ABD), juxtaposes the catalytic domain of the second monomer. 
Y454 hydrogen-bonds with residue E439 within the anticodon 
binding domain, and E439 is positioned to interact with K148 
from the catalytic domain of the second monomer to form a salt- 
bridge interaction (Xu et al., 2012)^ Initial aminoacylation data 
employing wild type and mutant versions of the mouse enzyme 
demonstrates that the Y454S substitution is unlikely to be a sim- 
ple loss of function. Accordingly, current efforts are testing the 
hypothesis that HARS has a secondary function that is impaired 
by the Y454S substitution. 

Hearing loss phenotypes have been linked to a number of 
ARSs in addition to HARS. Patients in three unrelated consan- 
guineous Pakistani families suffered from an autosomal recessive 
non-syndromic hearing impairment (ARNSHI) linked to muta- 
tions in KARS in the known ARNSHI-associated locus DFNB89 
(Santos-Cortez et al., 2013). One of the mutations is predicted 
to encode an Y173H substitution in a residue located in the 
oligomer-binding (OB) fold motif of the KARS anticodon bind- 
ing domain. In this location, the substitution could negatively 
affect tRNA binding and/or catalysis. Significantly, the mouse 
organ of Gorti and vestibular system features many cell types, 
including inner/outer hair cells spiral ligament, and sulcus and 
spiral limbus cells of the vestibular membrane epithelium where 
KARS is prominently expressed. 

AMINOACYL-tRNA SYNTHETASES AND CENTRAL NERVOUS SYSTEM 
DISEASES 

In contrast to the peripheral nervous system and the sensoriner- 
vous system, there are few reports linking ARSs to central nervous 
system diseases, which often affect specific brain regions. The 
autosomal recessive monogenetic disease Leukoencephalopathy 
with Brain stem and Spinal cord involvement and elevated Lactate 
(LBSL) represents the first well-characterized GNS disease associ- 
ated with an ARS. Genetic analysis of some 30 different families 
helped link the disease to mutations in the DARS2 gene encoding 
mitochondrial AspRS (Scheper et al, 2007). Hallmarks of the dis- 
ease defined by MRI imaging include abnormalities of the white 
matter in the cerebellum, spinal cord, and brainstem. While the 
mutant substitutions in LBSL are predicted to impair dimer for- 
mation and decrease DARS2 catalytic function, mitochondrial 
respiratory chain complex activity in these LBSL patients was 
normal (Scheper et al, 2007). 

Mutations in the DARS gene encoding cytoplasmic AspRS 
were identified in patients with hypomyelination with brain stem 
and spinal cord involvement and leg spasticity (HBSL), an inher- 
ited white matter disease (Taft et al., 2013). These DARS coding 
changes may affect enzyme activity by either disrupting tRNA 
binding or reducing protein expression (Van Berge et al., 2012, 
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2013). Interestingly, patients with the DARS-linked white matter 
disease exhibited the same types of white matter abnormalities 
in brain stem and spinal cord regions by MRI imaging that 
were observed in patients with the DARS2 mutations linked to 
LBSL. Cases of white matter disease associated with ARSs are 
not exclusively restricted to AspRS. A recent report described a 
disease called leukoencephalopathy with thalamus and brainstem 
involvement and high lactate (LTBL) linked to mutations encod- 
ing mitochondrial glutamyl-tRNA synthetase (EARS2) (Steenweg 
et al., 2012). The fuU characterization of the role of ARS function 
in these diseases is at an early stage, and it is too soon to conclude 
that they are entirely explained by the sensitivity of neurons to 
decreased output in translation. 

Several other relatively recent reports highlight the potential 
association of mutations in ARS genes with neurodegenerative 
diseases. For example, the lethal heterogeneous neurodegener- 
ative disease pontocerebellar hypoplasia (PCH6) was linked to 
the RARS2 (mitochondrial arginyl-tRNA synthetase) gene in a 
patient with a homozygous frameshift mutation predicted to 
generate a truncated protein (Edvardson et al., 2007). Other 
case studies of PCH6 subjects subsequently identified additional 
RARS2 mutations (Glamuzina et al., 2012). In the zebrafish 
model, RARS2 is highly expressed in the brain 24 h post fertiliza- 
tion. Of further interest, zebrafish knockdown models of TSEN54 
(subunit associated with RNA splicing previously described) and 
RARS2 produce comparable phenotypes characterized by brain 
hypoplasia and increased cell death, but little effect on brain pat- 
terning. These interesting results suggest there may be a common 
pathological PCH phenotype associated with loss of function of 
the TSEN and RARS2 alleles, as well as a demand for specific 
spliced tRNAs products at specified times during neuronal devel- 
opment (Kasher et al, 2011). Recently, whole-exome sequencing 
identified that QARS is a causative gene in affected individuals 
of the two families with children affected by autosomal-recessive 
primary microcephaly (MCPH) (Zhang et al., 2014). Symptoms 
of this disease are associated with intellectual disability, seizures 
during infancy, and atrophying in brain regions of the cerebel- 
lar vermis and cerebral cortex. This disease phenotype is similar 
to the PCH caused by mutations in RARS and TSEN complex 
previously described. However, specific brain regions are differen- 
tially affected for each disease. Four variants were identified, two 
of which were localized to the catalytic domain and the remain- 
ing two to the tRNA binding N-terminal domain. Activity studies 
showed that all mutations caused a loss of functional protein. 
Also, a zebrafish model demonstrated that QARS is essential for 
proper eye and brain development. 

The potential value of the zebrafish in studying ARS-linked 
neurodegenerative diseases is suggested by another recent report 
in which methionyl-tRNA synthetase (MARS) was identified in 
an exome sequencing study as one of 15 genes linked to hered- 
itary spastic paraplegias (HSP) (Novarino et al., 2014). HSP is 
characterized by the degeneration and progressive loss of corti- 
cospinal motor neuron tract function; patients typically present 
with lower limb spasticity, seizures, ataxia, peripheral neuropathy, 
intellectual disability, skin, and visual defects. The potential roles 
of many of the genes reported in this study in HSP were validated 
in the zebrafish model; the MARS mutation was too severe to be 
fully evaluated. 



Another important connection between ARS function and 
neurodegenerative disease reported recently is the linkage 
between the aminoacyl-tRNA synthetase complex interacting 
multifunctional protein-2 (AIMP2, also referred to as p38) and 
familial Parkinson's disease. Initially, AIMP2 was reported to be 
deposited in Lewy bodies, and its accumulation had been noted 
in some familial cases of Parkinson's disease (Corti et al., 2003; 
Ko et al., 2005). Later, AIMP2 was determined to be a substrate 
of the E3 ligase PARKIN. Multiple loss of function mutations 
in the gene encoding PARKIN are a common cause of familial 
Parkinson's disease. While the complete basis of AIMP2-linked 
neurological pathophysiology is not yet clear, it is possible that 
an important secondary role of AIMP2 is modulating neuronal 
protein turnover; when this process is dysfunctional, particular 
cell death pathways (e.g., "parthanatos") may become activated. 

FUTURE PROSPECTS FOR THE ROLE OF tRNA IN HUMAN 
DISEASE: THE ROLE OF SPATIAL AND TEMPORAL CONTROL 
OF tRNA AND THE TRANSLATIONAL MACHINE IN DISEASE 
PATHOPHYSIOLOGY 

Given the emerging role of mRNA transport and localization in 
neuronal function (Wang et al., 2007), it would not be surprising 
if the temporal and spatial regulation of aminoacyl-tRNA syn- 
thetases in neuronal compartments such as axons and dendrites 
were not similarly important. Protein synthesis in these diverse 
compartments clearly requires the full translational apparatus 
in addition to the messenger RNA. At present, this remains an 
underexplored area of tRNA and ARS biology, and a role for tRNA 
and ARS in localized translation in neurons should be investi- 
gated. Some of the models seeking to explain the link between the 
ARS and CMT have proposed that the mutant substitutions create 
localization defects for the affected enzymes. As yet, the evidence 
is not definitive, and the cellular mechanisms that traffic and 
localize these enzymes are essentially unknown. Is the localization 
of ARS enzymes to distal sites of the axon and dendrites depen- 
dent on vesicular transport, tRNA, or other trafficking proteins? 
In addition to the well-known Multi- Synthetase Complex (MSC), 
with what types of protein complexes are the ARS enzymes asso- 
ciated, and what positions them at the site of local translation in 
dendrites and neurons? Are there signaling pathways that are nec- 
essary to initiate localization of ARS enzymes to these regions? 
Furthermore, there maybe mechanisms in place (e.g., post- trans- 
lational control) to spatially regulate the activity of ARS such that 
tRNA is not aminoacylated until the proper cues are received to 
synthesize proteins. These questions, and other issues related to 
functional compartmentalization, should keep the role of tRNA 
and ARS in complex human diseases as a major question for years 
to come. 

REFERENCES 

Amato, P., Tachibana, M., Sparman, M., and Mitalipov, S. (2014). Three- 
parent in vitro fertilization: gene replacement for the prevention 
of inherited mitochondrial diseases. Fertil. Steril. 101, 31-35. doi: 
10.1016/j.fertnstert.2013. 11.030 

Amiri, M., and Hollenbeck, P. J. (2008). Mitochondrial biogenesis in the 
axons of vertebrate peripheral neurons. Dev. Neurobiol. 68, 1348-1361. doi: 
10.1002/dneu.20668 

AntoneUis, A., Ellsworth, R. E., Sambuughin, N., Puis, 1., Abel, A., Lee-Lin, S. Q., 
et al. (2003). Glycyl tRNA synthetase mutations in Charcot-Marie-Tooth disease 



www.frontiersin.org 



June 2014 | Volume 5 | Article 158 | 13 



Abbott et al. 



tRNA and human disease 



type 2D and distal spinal muscular atrophy type V. Am. J. Hum. Genet. 72, 
1293-1299. doi: 10.1086/375039 
Antonellis, A., Lee-Lin, S. Q., Wasterlain, A., Leo, P., Quezado, M., Goldfarb, 
L. G., et al. (2006). Functional analyses of glycyl-tRNA synthetase 
mutations suggest a key role for tRNA-charging enzymes in periph- 
eral axons. /. Neurosci. 26, 10397-10406. doi: 10.1523/JNEUROSCI.1671- 
06.2006 

Baird, T. D., and Wek, R. C. (2012). Eukaryotic initiation factor 2 phosphory- 
lation and translational control in metabolism. Adv. Nutr. 3, 307-321. doi; 
10.3945/an.ll2.002113 

Baloh, R. H. (2008). Mitochondrial dynamics and peripheral neuropathy. 
Neuroscientist 14, 12-18. doi: 10.1177/1073858407307354 

Berardo, A., Coku, J., Kurt, B., Dimauro, S., and Hirano, M. (2010). A novel muta- 
tion in the tRNAIle gene (MTTl) affecting the variable loop in a patient with 
chronic progressive external ophthalmoplegia (CPEO). Neuromuscul Disord. 
20, 204-206. doi: 10.1016/j.nmd.2010.01.006 

Best, D. H., Sumner, K. L., Austin, E. D., Chung, W. K., Brown, L. M., Borczuk, A. 
C, et al. (2014). EIF2AK4 mutations in pulmonary capillary hemangiomatosis. 
Chest 145, 231-236. doi: 10.1378/chest.l3-2366 

Blasius, A. L., and Beutler, B. (2010). Intracellular toll-like receptors. Immunity 32, 
305-315. doi: 10.1016/j.immuni.2010.03.012 

Budde, B. S., Namavar, Y., Barth, P. G., Poll-The, B. T., Nurnberg, G., Becker, 
C., et al. (2008). tRNA splicing endonuclease mutations cause pontocerebellar 
hypoplasia. Nat. Genet. 40, 1113-1118. doi: 10.1038/ng.204 

Buxbaum, A. R., Wu, B., and Singer, R. H. (2014). Single beta-actin mRNA detec- 
tion in neurons reveals a mechanism for regulating its translatabUity. Science 
343,419-422. doi: 10.1126/science.l242939 

Calvaruso, M. A., Willemsen, M. A., Rodenburg, R. J., Van Den Brand, M., 
Smeitink, J. A., and Nijtmans, L. (2011). New mitochondrial tRNA HIS 
mutation in a family with lactic acidosis and stroke-like episodes (MELAS). 
Mitochondrion 11, 778-782. doi: 10.1016/j.mito.2011.06.004 

Carter, C. W. Jr. (1993). Cognition, mechanism, and evolutionary relation- 
ships in aminoacyl-tRNA synthetases. Annu. Rev. Biochem. 62, 715-748. doi: 
10.1146/annurev.bi.62.070193.003435 

Chan, R R, and Lowe, T. M. (2009). GtRNAdb: a database of transfer RNA 
genes detected in genomic sequence. Nucleic Acids Res. 37, D93-D97. doi: 
10.1093/nar/gkn787 

Chapman, A. L., Bennett, E. J., Ramesh, T. M., De Vos, K. J., and Grierson, 
A. J. (2013). Axonal transport defects in a Mitofiisin 2 loss of function 
model of charcot-marie-tooth disease in zebrafish. PLoS ONE 8:e67276. doi: 
10.1371/journal.pone.0067276 

Chihara, T., Luginbuhl, D., and Luo, L. (2007). Cytoplasmic and mitochondrial 
protein translation in axonal and dendritic terminal arborization. Nat Neurosci. 
10, 828-837. doi: 10.1038/nnl910 

Corti, O., Hampe, C, Koutnikova, H., Darios, F., Jacquier, S., Prigent, A., et al. 
(2003). The p38 subunit of the aminoacyl-tRNA synthetase complex is a 
Parkin substrate: linking protein biosynthesis and neurodegeneration. Hum. 
Mol Genet. 12, 1427-1437. doi: 10.1093/hmg/ddgl59 

Costa-Mattioli, M., Gobert, D., Harding, H., Herdy, B., Azzi, M., Bruno, M., et al. 
(2005). Translational control of hippocampal synaptic plasticity and mem- 
ory by the eIF2alpha kinase GCN2. Nature 436, 1166-1173. doi: 10.1038/ 
nature03897 

Costa-MattioU, M., Gobert, D., Slern, E., Gamache, K., Colina, R., Cuello, C, et al. 
(2007). eIF2alpha phosphorylation bidirectionally regulates the switch from 
short- to long-term synaptic plasticity and memory. Cell 129, 195-206. doi: 
10.1016/j.cell.2007.01.050 

Court, F. A., and Coleman, M. P. (2012). Mitochondria as a central sen- 
sor for axonal degenerative stimuli. Trends Neurosci. 35, 364—372. doi: 
10.1016/j.tins.2012.04.001 

Crimi, M., Galbiati, S., Perini, M. P., Bordoni, A., Malferrari, G., Sciacco, M., 
et al. (2003). A mitochondrial tRNA(His) gene mutation causing pigmen- 
tary retinopathy and neurosensorial deafness. Neurology 60, 1200-1203. doi: 
10.1212/01.WNL.0000055865.30580.39 

Darnell, R. B. (2013). RNA protein interaction in neurons. Annu. Rev. Neurosci. 36, 
243-270. doi: 10.1146/annurev-neuro-062912-114322 

De Luca, C, Besagni, C, Frontali, L., Bolotin-Fukuhara, M., and Francisci, 
S. (2006). Mutations in yeast mt tRNAs: specific and general suppres- 
sion by nuclear encoded tRNA interactors. Gene 377, 169-176. doi: 
10.1016/j.gene.2006.04.003 



Dimauro, S., Schon, E. A., Carelli, V., and Hirano, M. (2013). The clinical maze 
of mitochondrial neurology. Nat. Rev. Neurol. 9, 429—444. doi: 10.1038/nrneu- 
rol.2013.126 

Diodato, D., Ghezzi, D., and Tiranti, V. (2014). The mitochondrial aminoacyl 

tRNA synthetases: genes and syndromes. Int. /. Cell Biol. 2014:787956. doi: 

10.1155/2014/787956 
Dittmar, K. A., Goodenbour, J. M., and Pan, T. (2006). Tissue-specific differences 

in human transfer RNA expression. PLoS Genet. 2:e221. doi: 10.1371/jour- 

nal.pgen.0020221 

Dong, J., Qiu, H., Garcia-Barrio, M., Anderson, J., and Hinnebusch, A. G. (2000). 
Uncharged tRNA activates GCN2 by displacing the protein kinase moiety from 
a bipartite tRNA-binding domain. Mol. Cell 6, 269-279. doi: 10.1016/S1097- 

2765(00)00028-9 

Edvardson, S., Shaag, A., Kolesnikova, O., Gomori, J. M., Tarassov, I., Einbinder, 
T., et al. (2007). Deleterious mutation in the mitochondrial arginyl-transfer 
RNA synthetase gene is associa ted with pontocerebellar hypoplasia. Am. J. Hum. 
Genet. 81, 857-862. doi: 10.1086/521227 

Eyries, M., Montani, D., Girerd, B., Perret, C, Leroy, A., Lonjou, C, et al. 
(2014). EIF2AK4 mutations cause pulmonary veno-ocdusive disease, a reces- 
sive form of pulmonary hypertension. Nat. Genet. 46, 65-69. doi: 10.1038/ 
ng.2844 

Florentz, C, Sohm, B., Tryoen-Toth, R, Putz, J., and Sissler, M. (2003). Human 
mitochondrial tRNAs in health and disease. Cell. Mol. Life Sci. 60, 1356-1375. 
doi: 10.1007/S00018-003-2343-1 

Francisci, S., Montanari, A., De Luca, C, and Frontali, L. (2011). Peptides from 
aminoacyl-tRNA synthetases can cure the defects due to mutations in mt tRNA 
genes. Mitochondrion 11, 919-923. doi: 10.1016/j.mito.2011.08.006 

Froelich, C. A., and First, E. A. (2011). Dominant intermediate charcot-marie-tooth 
disorder is not due to a catalytic defect in tyrosyl-tRNA synthetase. Biochemistry 
50, 7132-7145. doi: 10.1021/bi200989h 

Fu, H., Feng, J., Liu, Q., Sun, F., Tie, Y., Zhu, )., et al. (2009). Stress induces 
tRNA cleavage by angiogenin in mammalian cells. FEES Lett 583, 437-442. doi: 
10.1016/j.febslet.2008. 12.043 

Gehrig, S., Eberle, M. E., Botschen, F., Rimbach, K., Eberle, R, Eigenbrod, 
T., et al. (2012). Identification of modifications in microbial, native tRNA 
that suppress immunostimulatory activity. /. Exp. Med. 209, 225-233. doi: 
10.1084/jem.20ni044 

Gillingwater, T. H., and Wishart, T. M. (2013). Mechanisms underlying synaptic 
vulnerability and degeneration in neurodegenerative disease. Neuropathol. Appl. 
Neurobiol. 39, 320-334. doi: 10.1111/nan.l2014 

Giordano, C, PerH, E., Orlandi, M., Pisano, A., Tuppen, H. A., He, L., et al. 
(2013). Cardiomyopathies due to homoplasmic mitochondrial tRNA muta- 
tions: morphologic and molecular features. Hum. Pathol. 44, 1262-1270. doi: 
10.1016/j.humpath.2012.10.011 

Glamuzina, E., Brown, R., Hogarth, K., Saunders, D., Russell-Eggitt, L, Pitt, 
M., et al. (2012). Further delineation of pontocerebellar hypoplasia type 6 
due to mutations in the gene encoding mitochondrial arginyl-tRNA syn- 
thetase, RARS2. 7. Inherit. Metab. Dis. 35, 459-^67. doi: 10.1007/sl0545- 
011-9413-6 

Gonzalez, M., McLaughlin, H., Houlden, H., Guo, M., Yo-Tsen, L., Hadjivassilious, 
M., et al. (2013). Exome sequencing identifies a significant variant in methionyl- 
tRNA synthetase (MARS) in a family with late-onset CMT2. /. Neurol. 
Neurosurg. Psychiatry 84, 1247-1249. doi: 10.1136/jnnp-2013-305049 

Goto, Y., Nonaka, I., and Horai, S. (1990). A mutation in the tRNA^™(UUR) gene 
associated with the MELAS subgroup of mitochondrial encephalomyopathies. 
Nature 34S, 651-653. doi: 10.1038/348651a0 

Grallert, B., and Boye, E. (2013). GCN2, an old dog with new tricks. Biochem. Soc. 
Trans. 41, 1687-1691. doi: 10.1042/BST20130210 

Guo, M., Chong, Y. E., Shapiro, R., Beebe, K., Yang, X. L., and Schimmel, 
P. (2009). Paradox of mistranslation of serine for alanine caused 
by AlaRS recognition dilemma. Nature 462, 808-812. doi: 10.1038/ 
nature08612 

Guo, M., and Schimmel, P. (2013). Structural analyses clarify the complex control 
of mistranslation by tRNA synthetases. Curr. Opin. Struct. Biol. 22, 119-126. 
doi: 10.1016/j.sbi.2011.11.008 

Hamm, S., Latz, E., Hangel, D., MuUer, T, Yu, P, Golenbock, D., et al. (2010). 
Alternating 2'-0-ribose methylation is a universal approach for generating non- 
stimulatory siRNA by acting as TLR7 antagonist. Immunobiology 215, 559-569. 
doi: 10.1016/i.hnbio.2009.09.003 



Frontiers in Genetics | Non-Coding RNA 



June 2014 | Volume 5 | Article 158 | 14 



Abbott et al. 



tRNA and human disease 



Hanada, T., Weitzer, S., Mair, B., Bernreuther, C, Wainger, B. J., Ichida, J., et al. 

(2013). CLPl links tRNA metabolism to progressive motor-neuron loss. Nature 

495, 474-^80. doi: 10.1038/naturell923 
Hao, S., Sharp, J. W., Ross-Inta, C. M., McDaniel, B. J., Anthony, T. G., Wek, 

R. C, et al. (2005). Uncharged tRNA and sensing of amino acid deficiency 

in mammalian piriform cortex. Science 307, 1776-1778. doi: 10.1126/science. 

1104882 

Harding, H. P., Zhang, Y., Bertolotti, A., Zeng, H., and Ron, D. (2000). Perk is essen- 
tial for translational regulation and cell survival during the unfolded protein 
response. Mol. Cell 5, 897-904. doi: 10.1016/51097-2765(00)80330-5 

Harding, H. P, Zhang, Y., Zeng, H., Novoa, I., Lu, R D., Calfon, M., et al. (2003). 
An integrated stress response regulates amino acid metabolism and resistance 
to oxidative stress. Mol. Cell 11, 619-633. doi: 10.1016/51097-2765(03)00105-9 

HoUingsworth, K. G., Gorman, G. 5., Trenell, M. 1., McFarland, R., Taylor, R. W., 
TurnbuU, D. M., et al. (2012). Cardiomyopathy is common in patients with the 
mitochondrial DNA m.3243A>G mutation and correlates with mutation load. 
Neuromuscul. Disord. 22, 592-596. doi: 10.1016/j.nmd.2012.03.001 

Holt, C. E., and Schuman, E. M. (2013). The central dogma decentralized: new 
perspectives on RNA function and local translation in neurons. Neuron 80, 
648-657. doi: 10.1016/j.neuron.2013.10.036 

Hopper, A. K., Pai, D. A., and Engelke, D. R. (2010). Cellular dynamics of tRNAs 
and their genes. FEES Lett. 584, 310-317. doi: 10.1016/i.febslet.2009.11.053 

Hopper, A. K., and Phizicky, E. M. (2003). tRNA transfers to the limelight. Genes 
Dev. 17, 162-180. doi: 10.1101/gad.l049103 

Hou, Y. M., and Yang, X. (2013). Regulation of cell death by transfer RNA. Antioxid. 
Redox Signal. 19, 583-594. doi: 10.1089/ars.2012.5171 

Humbert, M., Maitre, S., Capron, P., Rain, B., Musset, D., and 5imonneau, G. 
(1998). Pulmonary edema complicating continuous intravenous prostacyclin 
in pulmonary capillary hemangiomatosis. Am. ]. Respir. Grit. Gare Med. 157, 
1681-1685. doi: 10.1164/ajrccm.l57.5.9708065 

Hurto, R. L. (201 1). Unexpected functions of tRNA and tRNA processing enzymes. 
Adv. Exp. Med Biol 722, 137-155. doi: 10.1007/978-l-4614-0332-6_9 

Ibba, M., and 5oll, D. (2001). The renaissance of aminoacyl-tRNA synthesis. EMBO 
Rep. 2, 382-387. doi: 10.1093/embo-reports/kve095 

Ibba, M., and Soil, D. (2004). Aminoacyl-tRNAs: setting the limits of the genetic 
code. GenesDev. 18, 731-738. doi: 10.1101/gad.ll87404 

Inoue, K., Nakada, K., Ogura, A., Isobe, K., Goto, Y., Nonaka, I., et al. (2000). 
Generation of mice with mitochondrial dysfunction by introducing mouse 
mtDNA carrying a deletion into zygotes. Nat. Genet. 26, 176-181. doi: 
10.1038/82826 

Ivanov, P., Emara, M. M., Villen, J., Gygi, S. P., and Anderson, P. (2011). 
Angiogenin-induced tRNA fragments inhibit translation initiation. Mol. Gell 43, 
613-623. doi: 10.1016/j.molcel.201 1.06.022 

Jia, J., Yao, P., Arif, A., and Fox, P. L. (2013). Regulation and dysregulation of 
3'UTR-mediated translational control. Curr. Opin. Genet. Dev. 23, 29-34. doi: 
10.1016/j.gde.2012. 12.004 

Jockel, 5., Nees, G., Sommer, R., Zhao, Y, Cherkasov, D., Hori, H., et al. (2012). The 
2'-0-methylation status of a single guanosine controls transfer RNA-mediated 
Toll-like receptor 7 activation or inhibition. /. Exp. Med. 209, 235-241. doi: 
10.1084/jem.20111075 

Jordanova, A., Irobi, J., Thomas, F. P., Van Dijck, P., Meerschaert, K., Dewil, M., 
et al. (2006). Disrupted function and axonal distribution of mutant tyrosyl- 
tRNA synthetase in dominant intermediate Charcot-Marie-Tooth neuropathy. 
Nat. Genet. 38, 197-202. doi: 10.1038/ngl727 

Kariko, K., Buckstein, M., Ni, H., and Weissman, D. (2005). Suppression of 
RNA recognition by Toll-like receptors: the impact of nucleoside modifi- 
cation and the evolutionary origin of RNA. Immunity 23, 165-175. doi: 
10.1016/j.rmmuni.2005.06.008 

Kasher, P. R., Namavar, Y., Van Tijn, P., Fluiter, K., Sizarov, A., Kamermans, 
M., et al. (2011). Impairment of the tRNA-splicing endonuclease subunit 54 
(tsen54) gene causes neurological abnormalities and larval death in zebrafish 
models of pontocerebellar hypoplasia. Hum. Mol. Genet. 20, 1574—1584. doi: 
10.1093/hmg/ddr034 

Katibah, G. E., Lee, H. J., Huizar, J. R, Vogan, J. M., Alber, T, and Collins, K. (2013). 
tRNA binding, structure, and localization of the human interferon-induced 
protein IFIT5. Mol. Cell 49, 743-750. doi: 10.1016/j.molcel.2012.12.015 

Kijima, K., Numakura, C, Izumino, H., Umetsu, K., Nezu, A., Shiiki, T, et al. 
(2005). Mitochondrial GTPase mitofusin 2 mutation in Charcot-Marie-Tooth 
neuropathy type 2A. Hum. Genet. 116, 23-27. doi: 10.1007/s00439-004-1199-2 



Kim, S., You, S., and Hwang, D. (2011). Aminoacyl-tRNA synthetases and 
tumorigenesis: more than housekeeping. Nat. Rev. Cancer 11, 708-718. doi: 
10.1038/nrc3124 

Kirino, Y., Goto, Y., Campos, Y., Arenas, J., and Suzuki, T. (2005). Specific corre- 
lation between the wobble modification deficiency in mutant tRNAs and the 
clinical features of a human mitochondrial disease. Proc. Natl. Acad. Sci. U.S.A. 
102, 7127-7132. doi: 10.1073/pnas.0500563102 

Kirino, Y, Yasukawa, T, Ohta, 5., Akira, S., Ishihara, K., Watanabe, K., el al. (2004). 
Codon-specific translational defect caused by a wobble modification deficiency 
in mutant tRNA from a human mitochondrial disease. Proc. Natl. Acad. Sci. 
U.S.A. 101, 15070-15075. doi: 10.1073/pnas.0405173101 

Ko, H. S., Von Coelln, R., Sriram, 5. R., Kim, 5. W., Chung, K. K., Pletnikova, 
O., et al. (2005). Accumulation of the authentic parkin substrate aminoacyl- 
tRNA synthetase cofactor, p38/JTV-l, leads to catecholaminergic cell death. 
;. Neurosci. 25, 7968-7978. doi: 10.1523/JNEUROSCI.2172-05.2005 

Kobayashi, Y., Momoi, M. Y., Tominaga, K., Momoi, T, Nihei, K., Yanagisawa, 
M., et al. (1990). A point mutation in the mitochondrial tRNA(Leu)(UUR) 
gene in MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis and 
stroke-like episodes). Biochem. Biophys. Res. Gommun. 173, 816-822. doi: 
10.1016/S0006-291X(05)80860-5 

Konovalova, S., and Tyynismaa, H. (2013). Mitochondrial aminoacyl-tRNA 
synthetases in human disease. Mol. Genet. Metab. 108, 206-211. doi: 
10.1016/j.ymgme.2013.01.010 

Langleben, D., Heneghan, J. M., Batten, A. P., Wang, N. S., Fitch, N., Schlesinger, 
R. D., et al. (1988). Familial pulmonary capillary hemangiomatosis resulting 
in primary pulmonary hypertension. Ann. Intern. Med. 109, 106—109. doi: 
10.7326/0003-4819-109-2-106 

Latkany R, CiuUa, T. A., Cacchillo, R E, and Malkoff, M. D. (1999). Mitochondrial 
maculopathy: geographic atrophy of the inacula in the MELAS associated A to 
G 3243 mitochondrial DNA point mutation. Am. ]. Ophthalmol. 128, 112-114. 
doi: 10.1016/50002-9394(99)00057-4 

Latour, P., Thauvin-Robinet, C, Baudelet-Mery, C, Soichot, P., Cusin, V., Faivre, 
L., et al. (2010). A major determinant for binding and aminoacylation of 
tRNA(Ala) in cytoplasmic Alanyl-tRNA synthetase is mutated in dominant 
axonal Charcot-Marie-Tooth disease. Am. J. Hum. Genet. 86, 77—82. doi: 
10.1016/j.ajhg.2009.12.005 

Lax, N. Z., Gnanapavan, S., Dowson, S. J., Alston, C. L., He, L., Polvikoski, 
T. M., et al. (2013). Early-onset cataracts, spastic paraparesis, and ataxia 
caused by a novel mitochondrial tRNAGlu (MT-TE) gene mutation caus- 
ing severe complex I deficiency: a clinical, molecular, and neuropathologic 
study. /. Neuropathol. Exp Neurol. 72, 164-175. doi: 10.1097/NEN.0b013e318 
28129c5 

Lee, J. W., Beebe, K., Nangle, L. A., Jang, J., Longo-Guess, C. M., Cook, S. A., 
et al. (2006). Editing-defective tRNA synthetase causes protein misfolding and 
neurodegeneration. Nature 443, 50-55. doi: 10.1038/nature05096 

Lee, Y, Karuppagounder, S. 5., Shin, J. H., Lee, Y. I., Ko, H. 5., Swing, D., et al. 

(2013) . Parthanatos mediates AIMP2-activated age-dependent dopaminergic 
neuronal loss. JVaf. JVeurosri. 16, 1392-1400. doi: 10.1038/nn.3500 

Li, R., and Guan, M. X. (2010). Human mitochondrial leucyl-tRNA synthetase 
corrects mitochondrial dysfunctions due to the tRNALeu(UUR) A3243G 
mutation, associated with mitochondrial encephalomyopathy, lactic acidosis, 
and stroke-like symptoms and diabetes. Mol. Gell. Biol. 30, 2147—2154. doi: 
10.1128/MCB.01614-09 

Lowe, T. M., and Eddy, S. R. (1997). tRNAscan-SE: a program for improved detec- 
tion of transfer RNA genes in genomic sequence. Nucleic Acids Res. 25, 955-964. 
doi: 10.1093/nar/25.5.0955 

Maurin, A. C, Benani, A., Lorsignol, A., Brenachot, X., Parry, L., Carraro, V., et al. 

(2014) . Hypothalamic eIF2alpha signaling regulates food intake. Cell Rep. 6, 
438^44. doi: 10.1016/j.celrep.2014.01.006 

McLaughlin, H. M., Sakaguchi, R., Giblin, W., Program, N. C. S., Wilson, T. 
E., Biesecker, L., et al. (2012). A recurrent loss-of-fiinction alanyl-tRNA syn- 
thetase (AARS) mutation in patients with Charcot-Marie-Tooth disease type 
2N (CMT2N). Hum. Mutat. 33, 244-253. doi: 10.1002/humu.21635 

McLaughlin, H. M., Sakaguchi, R., Liu, C, Igarashi, T, Pehlivan, D., Chu, K., et al. 
(2010). Compound heterozygosity for loss-of-function lysyl-tRNA synthetase 
mutations in a patient with peripheral neuropathy. Am. J. Hum. Genet. 87, 
560-566. doi: 10.1016/j.ajhg.2010.09.008 

Mei, Y., Stonestrom, A., Hou, Y. M., and Yang, X. (2010). Apoptotic regulation and 
tRNA. Protein Gell 1, 795-801. doi: 10.1007/sl3238-010-0107-x 



www.frontiersin.org 



June 2014 | Volume 5 | Article 158 | 15 



Abbott et al. 



tRNA and human disease 



Melone, M. A., Tessa, A., Petrini, S., Lus, G., Sampaolo, S., Di Fede, G., et al. 
(2004). Revelation of a new mitochondrial DNA mutation (G12147A) in 
a MELAS/MERFF phenotype. Arch. Neurol. 61, 269-272. doi: 10.1001/arch- 
neur.61.2.269 

Motzik, A., Nechushtan, H., Foo, S. Y., and Razin, E. (2013). Non-canonical roles 
of lysyl-tRNA synthetase in health and disease. Trends Mol. Med. 19, 726-731. 
doi: 10.1016/j.molmed.2013.07.011 

Nangle, L. A., Zhang, W., Xie, W., Yang, X. L., and Schimmel, P. (2007). Charcol- 
Marie-Tooth disease-associated mutant tRNA synthetases linked to altered 
dimer interface and neurite distribution defect. Proc. Natl. Acad. Sci. U.S.A. 104, 
11239-11244. doi: 10.1073/pnas.0705055104 

Norris, A. D., and Calarco, J. A. (2012). Emerging roles of alternative Pre-mRNA 
splicing regulation in neuronal development and function. Front. Neurosci. 
6:122. doi: 10.3389/fnins.2012.00122 

Novarino, G., Fenstermaker, A. G., Zaki, M. S., Hofree, M., Silhavy, ). L., Heiberg, 
A. D., et al. (2014). Exome sequencing links corticospinal motor neuron 
disease to common neurodegenerative disorders. Science 343, 506-511. doi: 
10.1126/science.l247363 

Ofir-Birin, Y., Fang, P., Bennett, S. R, Zhang, H. M., Wang, J., Rachmin, I., et al. 

(2013) . Structural switch of Lysyl-tRNA synthetase between translation and 
transcription. Mol. Cell 49, 30^2. doi: 10.1016/i.molcel.2012.10.010 

Pace, B., Peterson, R. L., and Pace, N. R. (1970). Formation of all stable RNA species 
in Escherichia coli by posttranscriptional modification. Proc. Natl. Acad. Sci. 
U.S.A. 65, 1097-1104. doi: 10.1073/pnas.65.4.1097 

Park, H., Davidson, E., and King, M. P. (2008). Overexpressed mitochondrial 
leucyl-tRNA synthetase suppresses the A3243G mutation in the mitochondrial 
tRNA(Leu(UUR)) gene. RNA 14, 2407-2416. doi: 10.1261/rna.l208808 

Park, H. Y., Lim, H., Yoon, Y. J., Follenzi, A., Nwokafor, C, Lopez-lones, M., et al. 

(2014) . Visualization of dynamics of single endogenous mRNA labeled in five 
mouse. Science 343, 422-424. doi: 10.1126/science.l239200 

Penn, A. C., Balik, A., and Greger, I. H. (2013). Reciprocal regulation of A-to- 
I RNA editing and the vertebrate nervous system. Front. Neurosci. 7:61. doi: 
10.3389/fnins.2013.00061 

Pereira, C. M., Sattlegger, E., liang, H. Y, Longo, B. M., Jaqueta, C. B., Hinnebusch, 
A. G., et al. (2005). IMPACT, a protein preferentially expressed in the 
mouse brain, binds GCNl and inhibits GCN2 activation. /. Biol. Chem. 280, 
28316-28323. doi: 10.1074/jbc.M408571200 

PerU, E., Giordano, C., Pisano, A., Montanari, A., Campese, A. F., Reyes, A., 
et al. (2014). The isolated carboxy-terminal domain of human mitochon- 
drial leucyl-tRNA synthetase rescues the pathological phenotype of mitochon- 
drial tRNA mutations in human cells. EMBO Mol. Med. 6, 169-182. doi: 
10.1002/emmm.201303198 

PerU, E., Giordano, C., Tuppen, H. A., Montopoli, M., Montanari, A., Orlandi, 
M., et al. (2012). Isoleucyl-tRNA synthetase levels modulate the pene- 
trance of a homoplasmic m.4277T>C mitochondrial tRNA(Ile) mutation 
causing hypertrophic cardiomyopathy. Hum. Mol. Genet. 21, 85-100. doi: 
10.1093/hmg/ddr440 

Phizicky, E. M., and Hopper, A. K. (2010). tRNA biology charges to the front. Genes 
Dev. 24, 1832-1860. doi: 10.1101/gad. 1956510 

Pierce, S. B., Chisholm, K. M., Lynch, E. D., Lee, M. K., Walsh, T., Opitz, J. M., et al. 
(2011). Mutations in mitochondrial histidyl tRNA synthetase HARS2 cause 
ovarian dysgenesis and sensorineural hearing loss of Perrault syndrome. Proc. 
Natl Acad. Sci. U.S.A. 108, 6543-6548. doi: 10.1073/pnas.ll03471108 

Pierce, S. B., Gersak, K., Michaelson-Cohen, R., Walsh, T., Lee, M. K., Malach, D., 
et al. (2013). Mutations in LARS2, encoding mitochondrial leucyl-tRNA syn- 
thetase, lead to premature ovarian failure and hearing loss in Perrault syndrome. 
Am. }. Hum. Genet. 92, 614-620. doi: 10.1016/j.aihg.2013.03.007 

Piquereau, J., Cafifin, F., Novotova, M., Lemaire, C., Veksler, V., Garnier, A., et al. 
(2013). Mitochondrial dynamics in the adult cardiomyocytes: which roles for a 
highly speciaUzed cell? Front. Physiol. 4:102. doi: 10.3389/fphys.2013.00102 

Puffenberger, E. G., Jinks, R. N., Sougnez, C., Cibulskis, K., Willert, R. A., Achilly, 
N. P., et al. (2012). Genetic mapping and exome sequencing identify variants 
associated with five novel diseases. PLoS ONE 7:e28936. doi: 10.1371/jour- 
nal.pone.0028936 

Putz, L, Dupuis, B., Sissler, M., and Florentz, C. (2007). Mamit-tRNA, a database 
of mammalian mitochondrial tRNA primary and secondary structures. RNA 13, 
1184-1190. doi: 10.1261/rna.588407 

Qiu, H., Dong, J., Hu, C., Francklyn, C. S., and Hinnebusch, A. G. (2001). The 
tRNA-binding moiety in GCN2 contains a dimerization domain that interacts 



with the kinase domain and is required for tRNA binding and kinase activation. 

EMBO J. 20, 1425-1438. doi: 10.1093/emboi/20.6.1425 
Ramaswami, M., Taylor, J. P., and Parker, R. (2013). Altered ribostasis: 

RNA-protein granules in degenerative disorders. Cell 154, 727-736. doi: 

10.1016/j.cell.2013.07.038 
Ramirez, A., Shuman, S., and Schwer, B. (2008). Human RNA 5' -kinase (hClpl) 

can function as a tRNA splicing enzyme in vivo. RNA 14, 1737-1745. doi: 

10. 1261/rna. 1142908 
Robbins, M., ludge. A., Liang, L., McClintock, K., Yaworski, E., and Maclachlan, 

I. (2007). 2'-0-methyl-modified RNAs act as TLR7 antagonists. Mol. Ther. 15, 
1663-1669. doi: 10.1038/sj.mt.6300240 

Roffe, M., Hajj, G. N., Azevedo, H. R, Alves, V. S., and Castilho, B. A. (2013). 
IMPACT is a developmentally regulated protein in neurons that opposes the 
eukaryotic initiation factor 2alpha kinase GCN2 in the modulation of neurite 
outgrowth./. Biol. Chem. 288, 10860-10869. doi: 10.1074/jbc.M113.461970 

Rother, M., Milanowska, K., Puton, T., Jeleniewicz, J., Rother, K., and Bujnicki, J. 
M. (2011). ModeRNA server: an online tool for modeling RNA 3D structures. 
Bioinformatics 27, 2441-2442. doi: 10.1093/bioinformatics/btr400 

Rubio, M. A., and Hopper, A. K. (2011). Transfer RNA travels fi-om the cytoplasm 
to organelles. Wiley Interdiscip. Rev. RNA 2, 802-817. doi: 10.1002/wrna.93 

Rudell, J. B., Rechs, A. J., JCehnan, T. J., Ross-Inta, C. M., Hao, S., and Gietzen, D. 
W. (2011). The anterior piriform cortex is sufficient for detecting depletion of 
an indispensable amino acid, showing independent cortical sensory function. 
;. Neurosci. 31, 1583-1590. doi: 10.1523/JNEUROSCI.4934-10.2011 

Ruiz-Pesini, E., Lott, M. T., Procaccio, V., Poole, J. C., Brandon, M. C., Mishmar, 
D, et al. (2007). An enhanced MITOMAP with a global mtDNA mutational 
phylogeny. Nucleic Acids Res. 35, D823-828. doi: 10.1093/nar/gkl927 

Santos-Cortez, R. L., Lee, K., Azeem, Z., Antonellis, P. J., Pollock, L. M., Khan, 
S., et al. (2013). Mutations in KARS, encoding lysyl-tRNA synthetase, cause 
autosomal-recessive nonsyndromic hearing impairment DFNB89. Am. J. Hum. 
Genet 93, 132-140. doi: 10.1016/j.ajhg.2013.05.018 

Saxena, S. K., Rybak, S. M., Davey, R. T. Jr, Youle, R. L, and Ackerman, E. J. 
(1992). Angiogenin is a cytotoxic, tRNA-specific ribonudease in the RNase A 
superfamily. ;. Biol. Chem. 267, 21982-21986. 

Schaller, A., Desetty, R., Hahn, D., Jackson, C. B., Nuoffer, J. M., Gallati, S., et al. 
(2011). Impairment of mitochondrial tRNAIle processing by a novel mutation 
associated with chronic progressive external ophthalmoplegia. Mitochondrion 

II, 488^96. doi: 10.1016/i.mito.2011.01.005 

Schattner, P., Brooks, A. N., and Lowe, T. M. (2005). The tRNAscan-SE, snoscan 
and snoGPS web servers for the detection of tRNAs and snoRNAs. Nucleic Acids 
Res. 33, W686-W689. doi: 10.1093/nar/gki366 

Scheper, G. C., Van Der Klok, T., Van Andel, R. J., Van Berkel, C. G., Sissler, M., 
Smet, J., et al. (2007). Mitochondrial aspartyl-tRNA synthetase deficiency causes 
leukoencephalopathy with brain stem and spinal cord involvement and lactate 
elevation. Nat Genet 39, 534-539. doi: 10.1038/ng2013 

Schwarz, T. L. (2013). Mitochondrial trafficking in neurons. Cold Spring Harb. 
Perspect Biol. 5:a011304. doi: 10.1101/cshperspect.a011304 

Schwenzer, H., Zoll, J., Florentz, C, and Sissler, M. (2013). Pathogenic implications 
of human mitochondrial Aminoacyl-tRNA synthetases. Top. Curr. Chem. 344, 
247-292. doi: 10.1007/128_2013_457 

Seburn, K. L., Nangle, L. A., Cox, G. A., Schimmel, P., and Burgess, R. W. 
(2006). An active dominant mutation of glycyl-tRNA synthetase causes neu- 
ropathy in a Charcot-Marie-Tooth 2D mouse model. Neuron 51, 715-726. doi: 
10.1016/j.neuron.2006.08.027 

Shaheen, H. H., and Hopper, A. K. (2005). Retrograde movement of tRNAs fi^om 
the cytoplasm to the nucleus in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. 
U.S.A. 102, 11290-11295. doi: 10.1073/pnas.0503836102 

Shapiro, R., and Vallee, B. L. (1987). Human placental ribonudease inhibitor abol- 
ishes both angiogenic and ribonucleolytic activities of angiogenin. Proc. Natl. 
Acad. Sci. U.S.A. 84, 2238-2241. doi: 10.1073/pnas.84.8.2238 

Shapiro, R., and Vallee, B. L. (1989). Site-directed mutagenesis of histidine- 
13 and histidine-114 of human angiogenin. Alanine derivatives inhibit 
angiogenin-induced angiogenesis. Biochemistry 28, 7401-7408. doi: 10.1021/ 
bi00444a038 

Sheng, Z. H., and Cai, Q. (2012). Mitochondrial transport in neurons: impact on 
synaptic homeostasis and neurodegeneration. Nat Rev. Neurosci. 13, 77-93. doi: 
10.1038/nrn3156 

Shimizu, A., Mito, T., Hayashi, C, Ogasawara, E., Koba, R., Negishi, I., et al. (2014). 
Transmitochondrial mice as models for primary prevention of diseases caused 



Frontiers in Genetics | Non-Coding RNA 



June 2014 | Volume 5 | Article 158 | 16 



Abbott et al. 



tRNA and human disease 



by mutation in the tRNALys gene. Proc. Natl. Acad. Sci. U.S.A. 111, 3104-3109. 
doi: 10.1073/pnas.l318109111 
Shin, W. S., Tanaka, M., Suzuki, J., Hemmi, C, and Toyo-Oka, T. (2000). A 
novel homoplasmic mutation in mtDNA with a single evolutionary origin 
as a risk factor for cardiomyopathy. Am. J. Hum. Genet. 67, 1617-1620. doi: 
10.1086/316896 

Shoffner, J., Lott, M., Lezza, A. M. S., Seibel, P., BalUnger, S. W., and Wallace, 
D. C. (1990). Myoclonic epilepsy and ragged red fiber disease (MERRF) is 
associated with mitochondrial DNA tRNALys mutation. Cell 61, 931-937. doi: 
10.1016/0092-8674{90)90059-N 

Sleigh, J. N., Grice, S. J., Burgess, R. W., Talbot, K., and Cader, M. Z. (2014). 
Neuromuscular junction maturation defects precede impaired lower motor 
neuron connectivity in Charcot-Marie-Tooth type 2D mice. Hum. Mot. Genet. 
23, 2639-2650. doi: 10.1093/hmg/ddt659 

Souilem, S., Chebel, S., Mancuso, M., Petrozzi, L., Siciliano, G., Frihayed, M., 
et al. (2011). A novel mitochondrial tRNA(lle) point mutation associated with 
chronic progressive external ophthalmoplegia and hyperCKemia. /. Neurol. Sci. 
300, 187-190. doi: 10.1016/j.jns.2010.08.065 

Sprinzl, M., and Vassilenko, K. S. (2005). Compilation of tRNA sequences 
and sequences of tRNA genes. Nucleic Acids Res. 33, D139-D140. doi: 
10.1093/nar/gki012 

Steenweg, M. E., Ghezzi, D., Haack, T., Abbink, T. E., Martinelli, D., Van Berkel, 
C. G., et al. (2012). Leukoencephalopathy with thalamus and brainstem 
involvement and high lactate 'LTBL' caused by EARS2 mutations. Brain 135, 
1387-1394. doi: 10.1093/brain/aws070 

Stum, M., McLaughlin, H. M., Kleinbrink, E. L., Miers, K. E., Ackerman, S. L., 
Seburn, K. L., et al. (2011). An assessment of mechanisms underlying periph- 
eral axonal degeneration caused by aminoacyl-tRNA synthetase mutations. Mol. 
Cell. Neurosci. 46, 432-443. doi: 10.1016/j.mcn.2010.1 1.006 

Suzuki, T., Nagao, A., and Suzuki, T. (201 1). Human mitochondrial tRNAs: biogen- 
esis, function, structural aspects, and diseases. Annu. Rev. Genet. 45, 299—329. 
doi: 10. 1 146/annurev-genet- 1 10410-13253 1 

Tachibana, M., Sparman, M., Sritanaudomchai, H., Ma, H., Clepper, L., Woodward, 
J., et al. (2009). Mitochondrial gene replacement in primate offspring and 
embryonic stem cells. Nature 461, 367-372. doi: 10.1038/nature08368 

Taft, R. J., Vanderver, A., Leventer, R. J., Damiani, S. A., Simons, C., Grimmond, 
S. M., et al. (2013). Mutations in DARS cause hypomyelination with brain stem 
and spinal cord involvement and leg spasticity. Am. J. Hum. Genet. 92, 774—780. 
doi: 10.1016/i.aihg.2013.04.006 

Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and inflammation. 
Cell 140, 805-820. doi: 10.1016/i.cell.2010.01.022 

Tariq, A., and Jantsch, M. P. (2012). Transcript diversification in the nervous sys- 
tem: A to I RNA editing in CNS function and disease development. Front 
Neurosci. 6:99. doi: 10.3389/fiiins.2012.00099 

Taylor, R. W, Giordano, €., Davidson, M. M., D'Amati, G., Bain, H., Hayes, C. M., 
et al. (2003). A homoplasmic mitochondrial transfer ribonucleic acid mutation 
as a cause of maternally inherited hypertrophic cardiomyopathy. /. Am. Coll. 
Cardiol. 41, 1786-1796. doi: 10.1016/S0735-1097(03)00300-0 

Taylor, R. W., Schaefer, A. M., McDonnell, M. T, Petty R. K., Thomas, A. M., 
Blakely, E. L., et al. (2004). Catastrophic presentation of mitochondrial dis- 
ease due to a mutation in the tRNA(His) gene. Neurology 62, 1420-1423. doi: 
10.1212/01.WNL.0000120667.77372.46 

Timmerman, V., Strickland, A. V., and Zuchner, S. (2014). Genetics of charcot- 
marie-tooth (CMT) disease within the frame of the human genome project 
success. Genes 5, 13-32. doi: 10.3390/genes5010013 

Torres, A. G., BatUe, E., and Ribas De Pouplana, L. (2014). Role of 
tRNA modifications in human diseases. Trends Mol. Med. doi: 10.1016/j. 
mohned.2014.01.008. [Epub ahead of print]. 

Tuller, T. (2012). The effect of dysregulation of tRNA genes and translation effi- 
ciency mutations in cancer and neurodegeneration. Front Genet. 3:201. doi: 
10.3389/fgene.2012.00201 

Turrigiano, G. (2011). Too many cooks? Intrinsic and synaptic homeostatic mech- 
anisms in cortical circuit refinement. Annu. Rev. Neurosci. 34, 89-103. doi: 
10.1146/annurev-neuro-060909-153238 

Van Berge, L., Dooves, S., Van Berkel, C. G., Polder, E., Van Der Knaap, M. 
S., and Scheper, G. C. (2012). Leukoencephalopathy with brain stem and 
spinal cord involvement and lactate elevation is associated with cell-type- 
dependent splicing of mtAspRS mRNA. Biochem. }. 441, 955-962. doi: 10.1042/ 
BJ201 10795 



Van Berge, L., Kevenaar, J., Polder, E., Gaudry, A., Florentz, C, Sissler, M., et al. 

(2013). Pathogenic mutations causing LBSL affect mitochondrial aspartyl-tRNA 

synthetase in diverse ways. Biochem. J. 450, 345-350. doi: 10.1042/BJ20121564 
Vester, A., Velez-Ruiz, G., McLaughlin, H. M., Lupski, J. R., Talbot, K., Vance, 

J. M., et al. (2013). A loss-of-function variant in the human histidyl-tRNA 

synthetase (HARS) gene is neurotoxic in vivo. Hum. Mutat. 34, 191-199. doi: 

10.1002/humu.22210 
Wakasugi, K., and Schimmel, P. (1999). Two distinct cytokines released from a 

human aminoacyl-tRNA synthetase. Science 284, 147-151. doi: 10.1126/sci- 

ence.284.5411.147 

Wallen, R. C, and Antonellis, A. (2013). To charge or not to charge: mechanis- 
tic insights into neuropathy-associated tRNA synthetase mutations. CMrr. Opin. 
Genet. Dev. 23, 302-309. doi: 10.1016/j.gde.2013.02.002 

Wang, W., Van Niekerk, E., Willis, D. E., and Twiss, ]. L. (2007). RNA transport 
and localized protein synthesis in neurological disorders and neural repair. Dev. 
Neurobiol. 67, 1166-1182. doi: 10.1002/dneu.20511 

Weitzer, S., and Martinez, J. (2007). The human RNA kinase hClpl is active on 
3' transfer RNA exons and short interfering RNAs. Nature 447, 222-226. doi: 
10.1038/nature05777 

Wek, R. C, Jiang, H. Y., and Anthony, T. G. (2006). Coping with stress: 
eIF2 kinases and translational control. Biochem. Soc. Trans. 34, 7-11. doi: 
10.1042/BST0340007 

Wek, R. C, and Staschke, K. A. (2010). How do tumours adapt to nutrient stress? 
EMBO J. 29, 1946-1947. doi: 10.1038/emboj.2010.110 

Wek, S. A., Zhu, S., and Wek, R. C. (1995). The histidyl-tRNA synthetase-related 
sequence in the eIF-2 alpha protein kinase GCN2 interacts with tRNA and is 
retjuired for activation in response to starvation for different amino acids. Mol. 
Cell. Biol. 15, 4497-4506. 

West, J., Fagan, K., Steudel, W, Fouty, B., Lane, K., Harral, J., et al. 
(2004). Pulmonary hypertension in transgenic mice expressing a dominant- 
negative BMPRII gene in smooth muscle. Circ. Res. 94, 1109-1114. doi: 
10.1161/01.RES.0000126047.82846.20 

Whitney M. L., Hurto, R. L., Shaheen, H. H., and Hopper, A. K. (2007). Rapid and 
reversible nuclear accumulation of cytoplasmic tRNA in response to nutrient 
availability Mol. Biol. Cell 18, 2678-2686. doi: 10.1091/mbc.E07-01-0006 

Xie, W, Nangle, L. A., Zhang, W, Schimmel, R, and Yang, X. L. (2007). Long- 
range structural effects of a Charcot-Marie-Tooth disease-causing mutation in 
human glycyl-tRNA synthetase. Proc. Natl. Acad. Sci. U.S.A. 104, 9976-9981. 
doi: 10.1073/pnas.0703908104 

Xu, Z., Wei, Z., Zhou, J. J., Ye, R, Lo, W. S., Wang, R, et al. (2012). Internally 
deleted human tRNA synthetase suggests evolutionary pressure for repurposing. 
Structure 20, 1470-1477. doi: 10.1016/j.str.2012.08.001 

Yamasaki, S., Ivanov, P., Hu, G. P., and Anderson, P. (2009). Angiogenin cleaves 
tRNA and promotes stress-induced translational repression. /. Cell Biol. 185, 
35-42. doi: 10.1083/jcb.200811106 

Yan, D., and Liu, X. Z. (2010). Genetics and pathological mechanisms of Usher 
syndrome./. Hum. Genet 55, 327-335. doi: 10.1038/jhg.2010.29 

Yan, X., Wang, X., Wang, Z., Sun, S., Chen, G., He, Y, et al. (2011). Maternally 
transmitted late-onset non-syndromic deafness is associated with the novel het- 
eroplasmic T12201C mutation in the mitochondrial tRNAHis gene. /. Med. 
Genet. 48, 682-690. doi: 10.1136/jinedgenet-2011-100219 

Yao, p., and Fox, P. L. (2013). Aminoacyl-tRNA synthetases in medicine and disease. 
EMBOMol. Med 5, 332-343. doi: 10.1002/emmm.201100626 

Yarana, C, Sanit, J., Chattipakorn, N., and Chattipakorn, S. (2012). Synaptic and 
nonsynaptic mitochondria demonstrate a different degree of calcium-induced 
mitochondrial dysfunction. Life Sci. 90, 808-814. doi: 10.1016/j.lfs.2012.04.004 

Yasukawa, T., Suzuki, T., Ueda, T., Ohta, S., and Watanabe, K. (2000). Modification 
defect at anticodon wobble nucleotide of mitochondrial tRNAs(Leu)(UUR) 
with pathogenic mutations of mitochondrial myopathy, encephalopathy, lac- 
tic acidosis, and stroke-like episodes. /. Biol. Chem. 275, 4251—4257. doi: 
10.1074/jbc.275.6.4251 

Ye, J., Kumanova, M., Hart, L. S., Sloane, K., Zhang, H., De Panis, D. N., et al. 
(2010). The GCN2-ATF4 pathway is critical for tumour cell survival and pro- 
liferation in response to nutrient deprivation. EMBO J. 29, 2082-2096. doi: 
10.1038/emboj.2010.81 

Ye, J., Mancuso, A., Tong, X., Ward, R S., Fan, J., Rabinowitz, J. D., et al. (2012). 
Pyruvate kinase M2 promotes de novo serine synthesis to sustain mTORCl 
activity and cell proliferation. Proc Natl. Acad. Sci. U.S.A. 109, 6904-6909. doi: 
10.1073/pnas.l204176109 



www.frontiersin.org 



June 2014 | Volume 5 | Article 158 | 17 



Abbott et al. 



tRNA and human disease 



Zhang, X., Ling, J., Barcia, G., Jing, L., Wu, J., Barry, B. J., et al. (2014). Mutations in 
QARS, encoding Glutaminyl-tRNA synthetase, cause progressive microcephaly, 
cerebral-cerebellar atrophy, and intractable seizures. Am. J. Hum. Genet. 94, 
547-558. doi: 10.1016/j.aihg.2014.03.003 

Zuchner, S., Mersiyanova, I. V., Muglia, M., Bissar-Tadmouri, N., Rochelle, J., 
Dadali, E. L., et al. (2004). Mutations in the mitochondrial GTPase mitofusin 2 
cause Charcot-Marie-Tooth neuropathy type 2A. Nat. Genet. 36, 449—451. doi: 
10.1038/ngl341 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 



Received: 31 March 2014; accepted: 14 May 2014; published online: 03 June 2014. 

Citation: Abbott }A, Francklyn CS and Robey-Bond SM (2014) Transfer RNA and 

human disease. Front. Genet. 5:158. doi: 10.3389/fgene.2014.00158 

This article was submitted to Non-Coding RNA, a section of the journal Frontiers in 

Genetics. 

Copyright © 2014 Abbott, Francklyn and Robey-Bond. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 

(CCBY). The use, distribution or reproduction in other forums is permitted, pro- 
vided the original author(s) or licensor are credited and that the original publi- 
cation in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these 
terms. 



Frontiers in Genetics | Non-Coding RNA 



June 2014 | Volume 5 | Article 158 | 18 



